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Abstract 

 

Interrogating the Chemical Processes that Govern Solid-Electrolyte  

Interphase Growth with Molecular Simulations 

 

Luke D. Gibson 

 

Chair of Supervisory Committee: Jim Pfaendtner, Department of Chemical Engineering 

 

A major cause of capacity fade in lithium-ion batteries (LIBs) can be attributed to the 

formation of the solid-electrolyte interphase (SEI), which is a layer that forms at the interface 

between the electrode surface and liquid electrolyte. Although this layer plays a key role in 

determining the lifetime of a battery, its growth mechanism and composition are still not well 

understood. In general, it is known that this layer is formed via the reductive decomposition of the 

liquid electrolyte solvent directly contacting the electrode, but there is still a lack of knowledge 

associated with the various reaction mechanisms that drive this process. This dissertation will 

cover three approaches we have taken to better understand the SEI growth process with molecular 

simulation techniques. 

In the first part of this dissertation, I will discuss how we used reaction network exploration 

and density functional theory (DFT) to elucidate the role of common LIB electrolyte additives 

(fluoroethylene carbonate, FEC; and vinylene carbonate, VC) in oligomerization reactions during 

SEI growth. FEC and VC have been shown experimentally to greatly improve a battery’s 

performance and longevity, but the underlying mechanisms driving this marked improvement is 

not well known. I will demonstrate how these additives modulate the SEI oligomerization process 

while explaining how these reactions connect to the observed improvement in battery performance. 



 

In the second part of this dissertation, I will shift my focus toward understanding the 

thermodynamics and kinetics associated with the reduction of ethylene carbonate (EC) at the 

electrode-electrolyte interface, which is a commonly studied electrolyte solvent. Most studies 

employ DFT calculations with implicit solvent models to compute the necessary components that 

comprise the reduction potential, such as the ion solvation free energy. However, I will highlight 

how we used the potential distribution theorem, a statistical mechanics approach, to directly 

compute single-ion solvation free energies for the calculation of electrolyte reduction potentials 

and discuss how this differs from literature. In addition, I will present our use of Marcus theory to 

explore the kinetics of EC reduction, wherein we see an interesting competition between the 

thermodynamics and kinetics for EC reduction with and without a neighboring Li+. To conclude 

the dissertation, I will discuss our ongoing work on using transition path sampling to characterize 

the role of interfaces on key electrolyte degradation reactions. 
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1 Introduction 

1.1 Background & Motivation 

Energy storage needs are continually rising, especially as advances in alternative energy 

technology improve energy generation from sources such as solar, wind, and hydro. Further adding 

to this need, the automotive industry is continually shifting their production toward electric 

vehicles each year. Currently, many of these needs are expected to be provided by the lithium-ion 

battery (LIB), an extremely popular battery chemistry due to its high energy density. Despite the 

power and popularity of LIBs, they are not without their drawbacks.1–4 A major limitation of LIBs 

is the loss of total charge capacity over time. Capacity loss can be classified into two categories: 

calendar aging and cycling aging.1 Calendar aging refers to chemical degradation of the battery 

materials, e.g., dissolution of active material, phase changes in active material, and solid-

electrolyte interphase (SEI) formation. Cycling aging refers to mechanical failure of the battery, 

e.g., lithium plating, separation from the current collector, and pulverization of active material due 

to volume changes.1–4 It has been shown that calendar aging is the largest source of capacity fade 

in batteries, especially in the context of electric vehicles.1 SEI growth is a major contributor to 

calendar aging and limiting its growth would lead to massive economic gains in the form of 

improved battery longevity.1 Thus, this dissertation is focused on elucidating and characterizing 

the reaction mechanisms that facilitate the growth of this SEI layer that occurs at the electrode-

electrolyte interface (EEI) in LIBs. 

The SEI is a heterogenous layer that builds up on the anode of a battery during cycling as 

a result of the reductive decomposition of the electrolyte, which includes the Li+ salt (commonly 

LiPF6) and the solvent. Electrolyte solvents are commonly mixtures of ethylene carbonate (EC), 

dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), etc. with additives that are also cyclic 

or linear carbonate species. Popular additives include fluoroethylene carbonate (FEC), vinylene 

carbonate (VC), and propylene carbonate (PC). The molecular structure of each species can be 

seen in Figure 1.1 in the left panel. Frequently used acronyms and abbreviations can be found in 

Table A-1 in Appendix A:. 
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Figure 1.1: Molecular structures of common electrolyte components. Acronym definitions can be 

found in the main text and in Appendix A:. 

 

The mechanisms by which the SEI layer forms are still debated in literature today,5 but it 

is known that two zones exist within the SEI. The inner SEI consists of mostly inorganic 

compounds such as LiF, Li2CO3, and Li2O, while the outer SEI consists of organic polycarbonates 

and polyoxides, such as lithium ethyl dicarbonate (Li2EDC), lithium butyl dicarbonate (Li2BDC), 

and polyethylene oxide (PEO). However, the SEI composition likely includes many more species 

and is highly complex in nature.6–9 

Many studies have examined the degradation mechanisms of EC following 1 or 2 electron 

(1e or 2e) reduction and have agreed upon common degradation pathways.10–12 Upon 1e reduction, 

the carbonate group in EC will lose its planarity with the carbonyl carbon (herein referred to as 

CC) extending out of the plane. This reduced structure of EC that is still cyclic is referred to as c-

EC-. After reduction, c-EC- can either undergo a ring-opening reaction or accept a second reduction 

electron. The common ring-opening reaction occurs at the bond between one of the ethyl carbons 

(CE) and the adjacent oxygen (OE) to form an o-EC- species. Atom labels for electrolyte molecules 

can also be seen in Figure A-1 of Appendix A:. Another possible ring-opening reaction can occur 

at the CC-CE bond to form OCOC2H4O-. If c-EC- becomes reduced a second time, it will either 

degrade into CO and OC2H4O2- or CO3
2- and C2H4 spontaneously. Alternatively, both ring-opened 

structures, o-EC- and OCOC2H4O-, can become further reduced to spontaneously form CO + 
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OC2H4O2- and CO3
2- + C2H4, respectively. However, these degradation reactions only represent 

commonly seen species and are not representative of all possible pathways. 

Due to the small length scale and high reactivity of the SEI, experiments have struggled to 

gain insight into the layer’s composition with molecular resolution. Despite these difficulties, Li, 

et al. have used cryo-electron microscopy (EM) to freeze a LIB and image the battery materials 

without compromising their chemical composition.13 In their study, they were able to identify 

crystalline and amorphous regions within the SEI for various electrolytes, as well as Li dendrite 

formation.13 

Studies using cryo-EM, however, are limited, likely due to the highly complex nature of 

the technique. Other common experimental approaches in SEI characterization are spectroscopic 

techniques. In a two-part study, Shkrob, et al. have used electron paramagnetic spectroscopy to 

detect reactive radical intermediates during SEI growth14 and electrospray ionization tandem mass 

spectroscopy (ESI MS/MS) and nuclear magnetic resonance (NMR) spectroscopy to identify 

cross-linked polymeric structures in the SEI15. In these two studies, Shkrob, et al. proposed 

mechanisms that form branched polymeric networks in the SEI, which involve 1e reduction of the 

solvent followed by H-abstraction or 1,2-migration reactions to form more stable secondary (EC) 

and tertiary (PC) radicals, which continue to polyermize.14,15 These findings support the presence 

of cross-linked and branched polymeric species that have been found in the SEI. 

Despite advances in imaging and spectroscopic techniques, experiments lack the ability to 

conclusively elucidate reaction mechanisms with molecular-scale resolution. Thus, molecular 

simulations have played an integral role in characterizing the SEI formation process with 

mechanistic detail. However, the reactive nature of the SEI and its growth process necessitates the 

use of expensive quantum chemical methods in order to facilitate the forming and breaking of 

bonds. 

Computational studies have focused on the degradation mechanisms of EC and other 

carbonate-based electrolytes. The Balbuena group have pioneered the study of electrolyte 

breakdown with multiple ab initio approaches (DFT and condensed phase AIMD simulations), in 

which they studied EC, FEC, VC, and PC degradation in gas phase and implicit solvents,11,12,16,17 

electron transfer through SEI on a Si anode,9 and EC degradation on an alucone coated Si surface.18 

In two studies, Leung, et al. demonstrated that EC degradation involved both 1e and 2e reduction 

mechanisms. Prior to these studies, EC degradation was believed to occur following only 1e 
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reduction.10,19 A semi-empirical method trained on quantum chemistry data, known as ReaxFF,20 

has also been used to study explicit electrolyte degradation on length- and time-scales much larger 

than what is typically afforded to ab initio methods.21–23 In these studies, SEI growth was simulated 

in real time and the results demonstrated the formation of oligomeric species via the reaction of o-

EC- with other c-EC- or o-EC- species.22,23 

Great progress has been made, both computationally and experimentally, in improving our 

understanding of the SEI growth process, but there still remains large gaps in knowledge regarding 

the exact molecular mechanisms driving these processes. Elucidating reaction mechanisms with 

AIMD can be prohibitively computationally expensive due to the timescales on which chemical 

reactions occur, often ranging from nanoseconds to seconds. However, we leverage enhanced 

sampling and statistical methods that allow us to overcome the need for long simulation times. 

In this dissertation, I will overview the general tools I have used throughout my projects, 

followed by three chapters that each describe my work on understanding SEI growth with 

computational methods. Lastly, I will conclude with an overall summary of my work and provide 

an outlook on potential future projects. 

 

1.2 Computational Methods 

This section briefly describes the general computational tools used throughout this 

dissertation, such as molecular dynamics, density functional theory, and enhanced sampling 

techniques. 

1.2.1 Molecular Dynamics 

Molecular dynamics (MD) is an algorithm that propagates a molecular system through 

time. At each time step (typically < 2 fs), the energy of the system and net forces on each atom are 

computed. These forces are then used to update nuclear coordinates following Newtonian 

mechanics. 

Ab initio MD (AIMD) is a type of molecular dynamics in which the potential energy 

function is a quantum chemical Hamiltonian, whereas classical MD uses parameterized, analytical 

functions to evaluate the energies and forces within the system. In this dissertation, I use Born-

Oppenheimer MD, which is a type of AIMD in which the electron structure is allowed to relax to 
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the ground state each time nuclear coordinates are changed (i.e., each MD time step), and only a 

single electronic state is considered (i.e., a single potential energy surface). 

Due to the high frequency of function calls to the potential energy function, AIMD is 

limited by the level of theory that is used. Throughout this dissertation, I will use DFT-based 

AIMD, but I will also use semi-empirical methods that are parameterized from either experimental 

data (PM624) or DFT data (DFTB25). These semi-empirical methods allow for the forming and 

breaking of bonds but require only a fraction of the time needed for DFT calculations. Thus, semi-

empirical methods are leveraged to achieve larger systems and longer simulation times than what 

is typically feasible with DFT calculations. Phenomena seen in AIMD simulations with semi-

empirical Hamiltonians are further examined using DFT. 

 

1.2.2 Density Functional Theory 

Kohn-Sham density functional theory (DFT) is a quantum chemistry method that builds 

off the Hartree-Fock (HF) approach and is used to evaluate energies and forces for a given set of 

nuclear coordinates. The energy generated from DFT can be broken down into its different 

components: 

 𝐸DFT = 𝐸PE,N + 𝐸PE,N–e + 𝐸KE,e + 𝐸PE,e–e + 𝐸XC, 1.1 

where EPE,N is the potential energy of the nuclei, EPE,N-e is the Coulombic attraction energy between 

nuclei and electrons, EKE,e is the kinetic energy of the electrons, EPE,e-e is the Coulombic repulsion 

between electrons, and EXC is the exchange-correlation energy for electrons. Note that there is no 

term for the kinetic energy of the nuclei because of the Born-Oppenheimer approximation,26 which 

argues that electronic motion is significantly faster than nuclear motion. Thus, the nuclear and 

electronic wavefunctions can be calculated separately and assumes that the nuclei are static during 

the evaluation of the electronic energy. In the case of AIMD, the kinetic energy of the system is 

calculated from nuclear motion classically, but does not affect DFT energy evaluations (i.e., nuclei 

are still considered frozen during DFT calculation). 

DFT differs from HF by using approximate functionals to calculate the last term in Eq. 

(1.1), which use the electron density as their inputs, whereas HF calculates electron exchange 

energy exactly while neglecting electron correlation. This EXC term is where the differences in 

DFT functionals occur, e.g., the Perdew-Berke-Ernzerhof (PBE) functional27,28 and Becke 3-
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parameter29 Lee-Yang-Parr30,31 (B3LYP) functional32 calculate EXC differently, but all other terms 

in Eq. (1.1) are typically calculated in the same way between the two methods. 

 

1.2.3 Umbrella Sampling 

One of the earliest methods of enhanced sampling is known as umbrella sampling (US),33 

in which harmonic restraints are applied to one or more collective variables (CVs) to force the 

system to sample configurations in high energy regions of phase space. A CV is any quantity that 

can be computed from the atomic coordinates of a molecular simulation, such as an interatomic 

distance or coordination number. By forcing the system to explore higher energy regions of phase 

space, the underlying free energy, A, can be recovered by reweighting the frames in the trajectory 

onto a CV of interest, which removes the effect of harmonic restraint.34  

 𝐴[𝑠(𝑹⃗⃗ )] = −𝑘𝐵𝑇 ln〈𝛿(𝑠(𝑹⃗⃗ ) − 𝑠∗) 𝛽𝑉bias(𝑠
∗)〉bias 1.2 

where 𝑹⃗⃗  denotes the atomic coordinates of the system, 𝑠(𝑹⃗⃗ ) is the CV of interest, 𝑘𝐵 is 

Boltzmann’s constant, T is the system temperature,  𝛽 = 1/𝑘B𝑇, 𝛿 is the Dirac delta function, 

𝑉𝑏𝑖𝑎𝑠(𝑠
∗) is the bias from the harmonic restraint at s*, and 〈⋯ 〉bias denotes that averaging is done 

in the biased ensemble. 

By repeating this process at multiple points along s, multiple segments of the free energy 

profile can be generated. Due to the existence of an additive constant to the free energy in each 

window, the profiles typically must be aligned to create a smooth, continuous free energy profile. 

This alignment can be achieved by using the weighted histogram analysis method (WHAM)35 or 

the multistate Bennett acceptance ratio (MBAR)36 method. 

 

1.2.4 Metadynamics 

Metadynamics (MetaD) is an enhanced sampling technique that allows thermodynamic and 

kinetic information to be extracted from MD simulations that are much shorter than what is 

typically required for thermodynamic and kinetic information (i.e., without enhanced sampling). 

MetaD works by periodically applying a history-dependent bias potential along one or 

more CVs, encouraging the system to explore higher energy regions of phase space. The bias is 

added in the form of Gaussian hills with heights and widths defined by the user and, in the well-

tempered variant of MetaD, the hill height is gradually reduced over time.37 Herein, it is assumed 
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that all MetaD simulations are run with the well-tempered variant. The MetaD bias has the 

following functional form37, 

 𝑉𝐺(𝑆, 𝑡) = ∫ 𝑑𝑡′ 𝑤(𝑡′) exp (−∑
(𝑆𝑖(𝐑) − 𝑆𝑖(𝐑(𝑡′)))

2

2𝜎𝑖
2

𝑑

𝑖=1

)
𝑡

0

, 1.3 

where the last term is the functional form of a d-dimensional Gaussian hill with a width of i along 

Si and w(t’) is the well-tempered hill height and has the form, 

 𝑤(𝑡) = 𝑤 exp (−
𝑉𝐺(𝑆, 𝑡)

𝑘𝐵𝑇
). 1.4 

At long simulation times, the bias added can be used to reconstruct the underlying free energy 

landscape. However, for this free energy landscape to be accurate, it is paramount that the 

simulation first experiences convergence (i.e., all relevant thermodynamic observables have 

stabilized). 
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2 Solvent Oligomerization Pathways Facilitated by Electrolyte 

Additives During Solid-Electrolyte Interphase Formation1 

2.1 Abstract 

The solid-electrolyte interphase (SEI) layer formation is known to play an important role 

in determining the lifetime of lithium-ion batteries. A thin, stable SEI layer is linked to overall 

improved battery performance and longevity, however, the factors and mechanisms that lead to 

optimal SEI morphology and composition are not well understood. Inclusion of electrolyte 

additives (fluoroethylene carbonate, FEC; and vinylene carbonate, VC) is often necessary for 

improving SEI characteristics. To understand how these electrolyte additives impact SEI 

formation, molecular dynamics (MD) and density functional theory (DFT) simulations were 

employed to study the reaction networks and oligomerization pathways, respectively, for three 

systems containing ethylene carbonate (EC), a lithium ion, and FEC or VC. MD simulations 

suggest radical oligomerization pathways analogous to traditional oligomerization with 

nucleophilic alkoxide species via SN1 reaction mechanisms. Both SN1 and SN2 mechanisms were 

studied for all three systems using DFT. Oligomerization reactions were studied with both a 

standard alkoxide species and a ring-opened EC radical as the nucleophiles and EC, FEC, and VC 

as the electrophiles. For all cases, FEC and VC exhibited lower free energy barriers and more 

stable adducts when compared with EC. We conclude that one of the roles of additives is to modify 

the oligomerization process of EC by introducing branching points (FEC) or termination points 

(VC).  

 

2.2 Introduction 

The need for reliable, long-term energy storage is rapidly growing, especially as renewable 

energy resources such as solar and wind become increasingly efficient. The lithium-ion battery 

(LIB) is an excellent candidate for long-term energy storage due to its high energy density; 

however, it suffers from irreversible capacity loss over its lifetime. There are many mechanisms 

that contribute to this capacity loss, such as lithium plating, dissolution of active material, 

separation of active material from the current collector, and solid-electrolyte interphase (SEI) 

 
1 Reproduced from L.D. Gibson and J. Pfaendtner. Solvent oligomerization pathways facilitated by electrolyte 

additives during solid-electrolyte interphase formation. Physical Chemistry Chemical Physics, 22, 21494-21503 

(2020),90 with permission from the PCCP Owner Societies. 
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formation.38 SEI formation is considered a major contributor to overall capacity fade in LIBs and 

other similar battery chemistries.5,38 Therefore, the formation of SEI and how this phenomenon 

proceeds in various chemical environments have remained active areas of research.5,16,17,39–50 

SEI can form at both the cathode and anode interfaces likely via different mechanisms. At 

the cathode interface, the mechanisms that govern SEI growth are not yet fully understood. It is 

seen that the cathode can reduce energy barriers for ethylene carbonate (electrolyte solvent) 

decomposition and oligomerization in the presence of the PF6
– anion (common Li+ counterion).51–

53 However, the LiPF6 pair is also known to decompose into LiF and a reactive PF5 species 

independent of a particular electrode interface, which can give rise to PF5-initiated reaction 

pathways.53–55 At the other end of the battery at the anode interface, SEI growth is driven by 

reductive decomposition.2,56,57 Further, at the anode side, the SEI is comprised of two zones: the 

inner, inorganic layer (e.g., Li2O, LiF, Li2CO3) and the outer, organic layer (e.g., Li2EDC, Li2BDC, 

oligomeric species).48,58,59 This current work is focused on understanding the mechanisms behind 

outer SEI growth at the anode interface wherein electron transfer is expected to be slow. Any 

mention of the SEI throughout the remainder of this chapter can be assumed to be referring to the 

anode side.  

The products of these decomposition steps are believed to heavily impact the overall 

performance of the battery; however, it is difficult to get a clear picture of this product distribution 

experimentally due to the high reactivity of battery and SEI components. The models that describes 

how this reductive decomposition ultimately leads to the formation of the SEI layer are not fully 

developed and is still an ongoing area of research.5,60 Understanding the mechanisms that drive 

SEI growth can grant insight into how this process can be controlled—for example, understanding 

how to minimize the layer thickness while still insulating the electrodes from further electrolyte 

decomposition. 

Traditionally, a LIB is comprised of a graphitic anode, a metal oxide cathode, a separator, 

and an electrolyte. The electrolyte includes the Li+ salt and the solvent. Electrolyte solvents are 

commonly mixtures of ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl 

carbonate (EMC), etc. with additives that are also cyclic or linear carbonate species. Popular 

additives are fluoroethylene carbonate (FEC) and vinylene carbonate (VC), which have been 

reported to increase cycling lifetime.40 The inclusion of small weight fractions of these additives 

have been shown to improve a battery’s performance and it is proposed that this marked 
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improvement is due to how the additives modulate the growth mechanisms and compositions of 

the SEI layer.39,49 A previous study by Delp, et al.61 found that the reduction potential for EC was 

~0.5 V vs. Li+/Li (often credited for SEI formation), whereas the FEC and VC calculated reduction 

potentials were 0.9 and 0.8 V vs. Li+/Li, respectively. It was also found that FEC and VC do not 

have high affinities for populating the Li+ solvation shell. And although FEC and VC have higher 

reduction potentials, Delp, et al. argue that high solvation shell populations are also important 

factors when predicting if additives are preferentially reduced over EC, thereby implying that FEC 

and VC may participate in SEI growth via mechanisms other than direct reduction.61  

Experimental studies have looked at how FEC and VC affect cycling performance and how 

these improvements relate to the chemical structure of the SEI.39,41,49 Wang, et al. performed a 

study in which they compared the performance of FEC and VC additives in lithium-ion pouch 

cells.41 They found that the inclusion of either FEC or VC yielded better coulombic efficiency, 

increased cycle life, smaller capacity fade, lower gas generation, and lower voltage drop during 

storage when compared to the control (EC:EMC, 3:7 wt% ratio). Another set of recent studies 

highlighted the concentration dependence of FEC on Na-battery performance (both experimentally 

and theoretically), in which it was found that lower concentrations of FEC led to improved SEI 

characteristics over higher concentrations.62,63 Two studies by Jin, et al. investigated the impact of 

FEC and VC additives on SEI composition for silicon nanowire LIBs.39,49 They demonstrated a 

reduction in polyethylene oxide (PEO)-like species for FEC-containing systems when compared 

to EC/DMC systems using NMR techniques. Another important finding was the presence of cross-

linking vinoxyl species that were generated from FEC-derived VC molecules. Furthermore, acetal 

carbons were shown to exist only in additive-containing systems and were attributed to the 

improved cross-linking of PEO polymeric species in the organic SEI. Jin, et al. argue that the FEC 

additive helps to suppress the formation of soluble decomposition products by enhancing the 

formation of insoluble decomposition products that deposit onto the SEI, further preventing 

electrolyte reduction.39,41,49 

Although experiments have provided many insights, they are limited by their lack of 

molecular-scale resolution, which is often required for mechanistic studies. Battery systems are 

particularly difficult to study experimentally due to their highly reactive components. Therefore, 

studying the SEI without altering the underlying chemical structures often requires cryogenic 

temperatures as to mitigate any unwanted side reactions upon examination.13 Molecular 
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simulations can help bridge this gap by using quantum chemistry and molecular dynamics to 

investigate mechanisms that would otherwise be infeasible experimentally. Specifically, molecular 

simulations have provided great insight into the role of electrolyte additives in SEI growth. In a 

hybrid Monte Carlo/molecular dynamics study for sodium ion batteries, FEC was linked to 

improved network formation in the SEI due to its strong dipole moment, which prevented the 

dissolution of degradation products even in cases when FEC did not participate in any degradation 

reactions.47 Another group saw a similar effect in ab initio molecular dynamics (AIMD) 

simulations wherein FEC decomposed to form LiF and formed connections between lithium 

ethylene dicarbonate (Li2EDC) species, thereby preventing the dissolution of the commonly seen 

degradation product.43 Energy landscapes for EC oligomerization via SN1 and SN2 reaction 

mechanisms have also been calculated using density functional theory (DFT). Both pathways 

involve an alkoxide as the nucleophile which reacts with EC to form polyethylene carbonate (PEC) 

via an SN1 mechanism or PEO via an SN2 mechanism—both species that have been detected 

experimentally in the outer, organic zone of the SEI.39,49,50 In SN1 mechanisms, the carbonyl carbon 

in the carbonate group (CC) is the electrophilic site of attack, whereas in SN2 mechanisms, the ethyl 

carbons (CE) are the electrophilic sites. A diagram with the atom labels for EC and both 

mechanisms are depicted in Figure 2.1. These PEO and PEC oligomeric species have also been 

detected in previous experimental studies, along with several other oligomeric compounds.39,49,64,65 

Although many studied oligomerization mechanisms involve alkoxides behaving as 

nucleophiles,15,39,49,50 it is often overlooked how these alkoxides are formed.  There are likely many 

ways in which alkoxide species can form in carbonate-based electrolytes, but the most 

straightforward mechanism involves the decarboxylation of a terminal carbonate group to form a 

terminal oxide and CO2.48,50 
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Figure 2.1: (a) SN1 and (b) SN2 mechanisms for nucleophilic attack of an EC molecule by an 

ethoxide. (c) EC molecule with atomic labels. “E” subscripts denote atoms are part of, or bonded 

to, the ethyl group and “C” subscripts denote they belong to the carbonyl group. (d) Ring-opened 

EC radical anion (o-EC). 

 

Despite the current progress of simulations in understanding additive effects on SEI, there 

still exists a need to study these systems due to the highly complex chemical reaction networks 

involved in SEI growth. The role of electrolyte additives still remains unknown in the context of 

SEI oligomerization reactions, which is a process that has been shown to be important for EC 

systems.50 To this end, we examined nucleophilic substitution pathways that include FEC and VC 

additives as the electrophiles, as well as ring-opened EC radical anions (o-EC, shown in Figure 

2.1d) as a potential nucleophile. Firstly, we employed semi-empirical molecular dynamics (SEMD) 

simulations to explore the reaction networks of FEC or VC in the presence of EC, as well as a pure 

EC system as a control. For these SEMD simulations, we utilized a cost-effective Hamiltonian and 

enhanced sampling techniques to permit the exploration of these reaction networks. We then 

further verified key mechanisms that were observed with more accurate, hybrid functional DFT 

calculations to support our mechanistic conclusions.  

Following the description of computational methods, the remainder of this chapter is 

organized as follows. We introduce the reaction networks that were sampled and discuss key 
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pathways that were observed. These key pathways are mechanistically verified with quantum 

chemistry calculations and the impact of the observed mechanisms are discussed. The chapter 

concludes with a brief summary of our findings and their impact. 

 

2.3 Methods 

To gain a better insight into how FEC and VC additives affect SEI formation mechanisms, 

we examined three model electrolyte systems, which are listed in Table 2.1. 

 

Table 2.1: Model Electrolyte Systems for MD 

System Name System Composition 

4EC 4 EC + 1 Li+ + 1 e- 

3EC+FEC 3 EC + 1 FEC + 1 Li+ + 1 e- 

3EC+VC 3 EC + 1 VC + 1 Li+ + 1 e- 

 

We used molecular dynamics (MD) and density functional theory (DFT) to study SEI 

formation with molecular-scale resolution. All MD simulations were run with the system 

temperature set to 300 K using the Nosé-Hoover thermostat66,67 in the NVT ensemble and with a 

time step of 1 fs. To emulate 1e reduction, the charge and multiplicity of each system were set to 

0 and doublet, respectively. The MD simulations were run using the semi-empirical PM6 level of 

theory68 in the CP2K quantum chemistry MD simulation package69–74 with the PLUMED library75. 

While PM6 has not been used to study systems of electrolytes, we have chosen it because of its 

high computational efficiency as a quantum chemical method that permits reactive events. A recent 

study from our group demonstrated that PM6 was able to reproduce the reaction network of -

ketohydroperoxide, a small hydrocarbon used in combustion applications.76 Although PM6 may 

not quantitatively reproduce energy barriers or reaction energies for our systems, our MD 

simulations were aimed at exploring large reaction networks and not on recovering quantitative 

kinetic or thermodynamic data. 

Despite the high efficiency of PM6, sufficiently sampling all of the available pathways 

remains an intractable problem. This is because chemical reactions are rare events that can often 

occur on time scales much longer than what is typically afforded to MD simulations. However, we 

overcome this barrier by utilizing enhanced sampling. Among many enhanced sampling methods, 

the metadynamics (MetaD) family of methods34 has found frequent use for studying chemical 
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reaction networks.77 To this end, we have used parallel bias MetaD78 (PBMetaD) to bias all atomic 

SPRINT coordinates79, for a total of around 40 CVs in each simulation, to enhance the rate at 

which chemical reactions occur. The PBMetaD framework allows for simultaneous application of 

multiple well-tempered MetaD37 bias potentials, in this case all one-dimensional, on different CVs 

within a single simulation replica. This method of using PBMetaD+SPRINT has previously been 

shown to be an effective tool for reaction network exploration.76,80 The biasing parameters used in 

this study used a 10 kJ/mol hill height, a hill width () of 0.20 for all CVs, a deposition rate of 250 

ps-1, and a bias factor of 150. It should be noted that in the parallel bias framework of MetaD, the 

hill height is divided and scaled among all CVs that are receiving bias, which merits the rather 

large bias factor and hill heights compared to what is found in traditional MetaD simulations. 

Further, in a previous study in our group, there were no significant differences in observed reaction 

networks when using higher vs. lower biasing rates.76 Although the biasing rate in this study is still 

higher than the maximum that is used in Ref. 76, our system contained five disconnected molecules 

or ions, thereby giving rise to a significantly increased number of CVs, which according to the 

PBMetaD theory leads to a proportional decrease in the individually applied biases at any given 

time. 

For each system in Table 2.1, a minimum of 50 independent MD simulations were run for 

~2.5 ns each to ensure sufficient sampling of reactive pathways, following the procedure of Ref. 

76 in which a minimum of 45 independent MD simulations were performed due to the large phase 

space of SPRINT coordinates (i.e., reactive pathways). Simulations were run for ~2.5 ns because 

after which time, the reaction networks had converged up to secondary products (discussed in 

Results & Discussion). The respective simulation trajectories were analyzed using an automated 

reaction detection algorithm first developed in a previous study,81 in which the molecular system 

is represented as a connectivity graph and treated as a hidden Markov model (HMM) to estimate 

the underlying connectivity by decoding the interatomic connection signals with the Viterbi 

algorithm. We implemented this procedure in a python package called mdstates to parse through 

trajectories and determine structures before and after reactive events, as well as compile the 

networks of all trajectories into a single reaction network. 

All DFT calculations were performed using the quantum chemistry simulation package 

Gaussian 1682 with the B3PW91 functional29 and a 6-311++G(d,p) basis set, as well as an ultra-

fine integration grid, which has been shown in literature to closely reproduce post-Hartree-Fock 
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energies for electrolyte decomposition systems in a cost effective manner.12,83 An implicit water 

solvent model was used, as implemented by the conductor polarizable continuum model84,85 

(CPCM), but with a modified dielectric constant of 89.78 to more closely match that of liquid 

EC.86 Any transition states reported below were optimized to a saddle point and verified to contain 

only a single imaginary frequency. Further, intrinsic reaction coordinate (IRC) calculations were 

performed to confirm the correct reactants and products were connected by their respective 

transition states. The structures for all transition states noted in this study can be found in Table 

B-1. Free energies reported herein were obtained via frequency calculations, which compute 

entropic contributions and zero-point energy corrections to enthalpy at a reference state (1 atm and 

298.15 K) using the rigid rotor harmonic oscillator (RRHO) approximation. 

 

2.4 Results & Discussion 

In the first part of this study, we generated reaction networks for each of the systems in 

Table 2.1 using SEMD simulations with the PBMetaD+SPRINT enhanced sampling scheme 

described above. The reaction network, up to secondary products, for the 4EC system can be seen 

in Figure 2.2. For some of the reaction pathways, many reactions beyond secondary products were 

discovered but the network only shows up to secondary products given the low likelihood that 

tertiary and higher order products would factor as important products. The important feature 

present in this network is the intermediate SN1 adduct that is highlighted in Figure 2.2, which 

connects the observed pathway to previously seen pathways in literature, namely SEI 

oligomerization pathways.50 In our case, the EC molecule has an open-shell ethoxy group bonded 

instead of the closed-shell molecule seen in Figure 2.1a. This adduct forms through the attack of 

an intact EC molecule by a ring-opened EC radical (o-EC), as opposed to an alkoxide that is 

proposed in literature.50 During this process, a CO2 molecule is lost as the linker oxygen in the 

carbonate group attacks the sp2 carbon (CC) in the neighboring EC, suggesting that this pathway 

may contribute to the CO2 evolution that is seen experimentally during SEI growth.87 This radical 

mechanism facilitates the initiation of electrolyte oligomerization with only a ring-opened EC 

radical, which is known to be one of the first species formed during EC degradation following 1e 

reduction.12 For the FEC- and VC-containing systems, analogous pathways were seen that 

included the additives in the mechanism. The FEC and VC networks can be seen in Figure B-1 

and Figure B-2, respectively. 
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Figure 2.2: Reaction network of 4 EC molecules and 1 Li+ with an extra electron. The boxed 

molecules indicate the node in the reaction network that contains the open-shell SN1 adduct, as 

well as two intact EC molecules and CO2. Constructed from ~50 separate reactive MD trajectories 

using mdstates. Although Li+ was included in the simulations, it is not pictured in the reaction 

network. 

 

In the following sections, we further analyze the SN1 and SN2 reaction mechanisms (the 

commonly studied oligomerization pathways) using DFT calculations to gain a more quantitative 

picture for these pathways with two types of nucleophiles: o-EC radical anion and ethoxide anion 

(the former being a novel aspect of this study and the latter being the typical nucleophile for SEI 

oligomerization). To further explore the use of ethoxide as a nucleophile for the studied reactions, 

we propose a short mechanism for its generation from two, intact EC molecules. Following this, 

for each nucleophilic substitution pathway, we examine how the presence of electrolyte additives 

(FEC and VC) impact the energetics of each reaction as compared to EC. And lastly, we connect 

some predicted additive oligomerization products in this study to cross-linking groups that have 

been experimentally linked to improved battery performance.39,49 
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2.4.1 Proposed Alkoxide Formation Mechanism 

Although the observed reaction in the reaction network involved an o-EC radical, we also 

consider the analogous mechanisms with an ethoxide anion for comparison, which has previously 

been studied in the case of ethoxide-EC oligomerization.50 

As mentioned previously, there are many potential mechanisms through which alkoxides 

can form as a result of electrolyte decomposition, although they are seldom discussed in literature. 

Herein, we propose a simple mechanism in which two o-EC radical anions react via hydrogen 

transfer to ultimately form ethoxide + CO2 or ethenolate + CO2, shown in Figure 2.3. The adduct 

formed after the hydrogen transfer is significantly more stable than the two o-EC radical anions, 

which is not surprising due to the reconciliation of the two radicals to form closed-shell structures. 

Computing the energy barrier separating these two states, however, is non-trivial and would 

require non-adiabatic calculations of the coupling between the singlet and triplet states along the 

reaction coordinate. This is beyond the scope of this study, but it provides an interesting point for 

further investigation. The formation of the two alkoxides are uphill in enthalpy, but the formation 

of the ethenolate exhibits a net decrease in free energy. The ethenolate species differs from 

ethoxide in two ways: 1) the formation of ethenolate passes through a transition state (denoted by 

the double dagger, ‡, in Figure 2.3), and 2) the molecular structure is resonance stabilized, allowing 

the negative charge to delocalize across the molecule. This resonance stabilization, however, 

discourages the ethenolate species from reacting any further via the nucleophilic substitution 

mechanisms discussed herein. The ethoxide formation process, on the other hand, does not pass 

through a transition state on the potential energy surface (i.e., no saddle point with a single 

imaginary frequency) and maintains the charge localization on the oxygen.  

This hypothesized hydrogen transfer reaction is only one of many possible reactions that 

can occur between two o-EC radicals. Commonly seen structures that can stem from the reaction 

of two o-EC radicals are lithium ethylene dicarbonate (Li2EDC) and lithium butylene dicarbonate 

(Li2BDC).8,86,88,89 For comparison, using the same reference and level of theory as in Figure 2.3, 

the free energies of reaction to form Li2EDC + C2H4 or Li2BDC from two o-EC radicals are -60.6 

and -71.4 kcal/mol, respectively. This result demonstrates that the proposed H-transfer reaction 

step shares a similar free energy of reaction; however, we note that it is important to understand 

both the kinetic and thermodynamic aspects of a reaction to provide quantitative comparisons. Our 



 18 

result simply demonstrates that the driving force for the H-transfer reaction step is comparable to 

that of Li2EDC or Li2BDC formation and will be further investigated in a future study. 

 This proposed mechanism for ethoxide formation is not necessarily expected to have a high 

rate of reaction in a battery due to the dependence on two o-EC radicals finding each other. 

However, this reaction can be thought of as an initiation reaction prior to oligomerization via the 

SN1 and SN2 mechanisms and thus does not require a high rate of reaction.  

 

 

Figure 2.3: Free energy diagram of ethoxide and ethenolate generation via hydrogen abstraction 

between two o-EC radicals. Reaction progress is shown along the x-axis. A single transition state 

is denoted by the double dagger (‡). 

 

2.4.2 SN1 Oligomerization Mechanism 

Free energy diagrams for the SN1 oligomerization mechanism can be seen in Figure 2.4. 

Two mechanisms are considered in which either an ethoxide (Figure 2.4a) or o-EC radical (Figure 

2.4b) act as the nucleophile. In both cases, EC, FEC, and VC are considered as electrophiles. Each 

state in Figure 2.4 (and  Figure 2.5) is arbitrarily labeled according to the electrophile of the 

pathway and the order of appearance (e.g., EC-1 is the first structure in the mechanism with EC as 
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the electrophile). Below each free energy diagram, the corresponding mechanism for FEC is 

shown. The EC and VC mechanisms are analogous and can be found in Figure B-3. 

The ethoxide mechanism in Figure 2.4a is comprised of two reactions. The first step 

involves a change in configuration (not depicted) and attack of the ethoxide on the CC of the 

electrophile. The reactive step of the ethoxide attacking the electrophile for each of the three 

pathways was a barrierless reaction and did not exhibit a transition state. Similarly, a transition 

state could not be located for the ring-opening reaction (second step) in the mechanism. 

The EC pathway in the ethoxide mechanism (Figure 2.4a) exhibits relatively small changes 

in free energy (1 kcal/mol). From the FEC and VC pathways, it is clear that the presence of a 

fluorine atom or double bond impacts the energy landscape for both the ethoxide and radical SN1 

mechanisms. We see for all reaction steps FEC and VC exhibit drops in energy, with FEC 

consistently ~3 kcal/mol lower in free energy than VC throughout the mechanisms. It is not 

expected that VC will continue to react via the same SN1 mechanism with another EC because the 

final structure, VC-3, will sacrifice resonance stability of the oxide anion, as seen previously with 

the ethenolate species in Figure 2.3. The energetics behind further oligomerization from the VC-3 

structure can be seen in Figure B-4, in which both SN1 and SN2 oligomerization mechanisms yield 

positive free energies of reaction (relative to VC-3 as reference) when reacting with EC. This result 

implies that VC may act as a terminator for oligomerization if further reactions are unfavorable. 

In contrast to VC-3, FEC-3 is only metastable and the fluorine atom can be easily abstracted by a 

lithium ion to form an aldehyde. This aldehyde is susceptible to further reactions with nucleophiles 

and is discussed later in the chapter.  

While the ethoxide SN1 mechanisms consistently exhibit negative free energies, the radical 

SN1 mechanisms (Figure 2.4b) are higher in energy. The reaction mechanism is analogous to the 

one in Figure 2.4a, but with a concerted loss of CO2 as the nucleophilic oxygen attacks the CC, 

which does exhibit a transition state. The first reaction has a large free energy barrier of 

approximately 30 kcal/mol. In this step, the linker OE oxygen in the radical attacks the CC in the 

neutral molecule, thereby shedding a CO2 molecule from the o-EC radical. The FEC and VC 

radical pathways slightly diminish the reaction free energy barrier (FEC-5 and VC-5) and have 

lower free energies for the adducts FEC-6 and VC-6 when compared to EC-6. The last step in the 

mechanism, a ring-opening reaction, yields products that are overall net decreases in free energy 
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for the FEC and VC pathways, whereas the EC pathway ends with a net increase in free energy. 

However, as before, the VC species are not expected to react any further. 

The energetic landscape seen in Figure 2.4 suggests that nucleophilic alkoxides and 

radicals will preferentially attack FEC and VC over another EC. Particularly in the case of the 

radical SN1 mechanism, the presence of an FEC or VC will shift the chemical equilibrium towards 

products (VC-7 and FEC-7) due to their negative free energies of reaction, as opposed to the 

unfavorable radical EC SN1 pathway. These additive products are even further favored due to faster 

kinetics that result from a diminished energy barrier when compared to EC. Further, the reverse 

reactions for the FEC and VC pathways have increased free energy barriers relative to EC 

pathways, which reinforces the claim that FEC and VC preferentially react in the kinetically 

controlled SEI growth process. 

 

 

Figure 2.4: Free energy diagrams and mechanisms for a single step of SN1 oligomerization in 

which an ethoxide (a) or radical o-EC (b) acts as the nucleophile. The gray pathway denotes that 

EC is being attacked, green is VC, and orange is FEC. Mechanisms shown below each diagram 

only depict the FEC case. Analogous mechanisms are seen for EC and VC systems and can be 

found in Figure B-3. Radical locations are denoted with a dot (•) in the radical mechanism in (b). 

EC-5, FEC-5, and VC-5 correspond to the transition states in the first reactive step. 
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2.4.3 SN2 Oligomerization Mechanism 

The SN2 oligomerization mechanism was also investigated because it produces PEO 

chains, which have been detected in the SEI,39,49 and can occur with the same reactants. In this 

mechanism, following a reconfiguration of the fully relaxed structure (not depicted), the 

nucleophilic oxygen attacks a CE atom and breaks the opposite CE-OE bond in a concerted motion, 

as shown in Figure 2.1b. The second and final step regenerates the nucleophilic oxygen through a 

decarboxylation reaction with no transition state. This mechanism was only studied for EC and 

FEC ( Figure 2.5) and not VC because there are no aliphatic CE carbons available for nucleophilic 

attack in VC. The free energy diagram and mechanisms are shown in  Figure 2.5. As before, the 

EC mechanisms can be found in Figure B-5. 

The initial free energy barrier for ethoxide attacking a CE carbon on EC was calculated to 

be 16.8 kcal/mol followed by a large, net drop in free energy to -24.9 kcal/mol. The large drop in 

energy is consistent with what was seen in Ref. 50, but the initial energy barrier is approximately 

half of what was previously reported. This discrepancy is due to the different solvent models used 

(CPCM in this study, SMD in Ref. 50). The SMD implicit solvent model consistently reports lower 

energies for the initial structures of each mechanism and thus increases all other energies relative 

to the starting point. The last step of the mechanism in which the nucleophilic oxygen is 

regenerated via decarboxylation was calculated to be entirely uphill in free energy, but still exhibits 

an overall drop in free energy to -15.6 kcal/mol relative to EC-8. 

Compared to the EC pathway, the initial free energy barrier (FEC-9) and first adduct (FEC-

10) for FEC were calculated to be lower by approximately 4 kcal/mol. However, instead of the 

decarboxylation step imparting an increase in free energy, FEC-11 exhibited an even further drop 

in free energy to -35.3 kcal/mol. This final structure is approximately 20 kcal/mol more stable than 

EC-11 and the barrier and adduct are also lower in free energy, implying a greater propensity for 

an ethoxide to attack an FEC molecule over another EC. As before with FEC, the bonded fluorine 

is only metastable and is readily abstracted by neighboring Li+ or H+ forming a reactive aldehyde. 

Due to the chiral center of FEC, there are multiple pathways to produce isomers for the species in 

Figure 2.4 and  Figure 2.5, but we have only reported the lowest energy pathway. 

The radical SN2 free energy diagram in  Figure 2.5b exhibits a similar pattern as with  

Figure 2.5a, but with a different energy scale on the y-axis. The final free energy for the ethoxide 

(EC-11, -15.6 kcal/mol) and radical (EC-15, -4.6 kcal/mol) mechanisms are net negative, which 
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imply that both mechanisms are favored with chemical equilibria shifted towards these oligomer 

products. In the case of EC-11, this matches the finding that PEO-like oligomers are detected in 

SEI. Interestingly, after the first radical oligomerization step, the EC-15 carries a terminal oxide 

that can now act as the nucleophile in the mechanism and can proceed through lower energy barrier 

propagation reactions, similar to the barrier shown in  Figure 2.5a. This suggests that the radical 

SN2 reaction with an intact EC is possible and may also contribute to the concentration of PEO-

like oligomers detected experimentally in the SEI. 

Both FEC-11 and FEC-15 become more stable after decarboxylation, implying that the 

equilibrium is shifted towards the products of nucleophilic attack of FEC molecules. The SN2 FEC 

pathways are also kinetically favored due to their diminished energy barriers for the forward 

reactions and increased energy barrier for the reverse reactions. 

As with the SN1 oligomerization mechanisms, the final products from the FEC pathways 

in  Figure 2.5 can easily have their fluorine atoms abstracted, leading to the formation of an 

aldehyde. This aldehyde formation from FEC species can further lead to acetal carbon formation, 

an interesting aspect that is discussed next. 
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 Figure 2.5: Free energy diagrams and mechanisms for a single step of SN2 oligomerization in 

which an ethoxide (a) or radical o-EC (b) acts as the nucleophile. The gray pathway denotes that 

EC is the electrophile in the mechanism and orange is FEC. Mechanisms shown below each 

diagram only depict the FEC case. Analogous mechanisms are seen for the EC system and can be 

found in Figure B-5. Radical locations are denoted with a dot (•) in the radical mechanism in (b). 

EC-9, FEC-9, EC-13, and FEC-13 correspond to the transition states in the first reactive step. 

 

2.4.4 Acetal Carbon Formation 

Acetal carbons act as crosslinkers in the oligomeric SEI and can potentially account for the 

marked improvement in performance for batteries containing FEC in the electrolyte, especially in 

battery chemistries that suffer from large volume changes during cycling.17,39,45,48,49 

As mentioned previously, the final products in each FEC mechanism can have the fluorine 

atom abstracted by a lithium ion to form an aldehyde in a barrierless, single step process, shown 

in Figure 2.6. This reaction produces LiF and a neutral aldehyde, denoted by an asterisk (*) 

following the name of the parent molecule from which it reacted. 
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Figure 2.6: Mechanism for aldehyde formation for each of the terminal species in the FEC 

pathways. The species names along the right are simply the original molecule’s name followed by 

an asterisk (*) to denote the aldehyde form. 

 

This aldehyde group is highly reactive with nucleophiles. With the aldehydes as the starting 

points (FEC-3*, FEC-7*, FEC-11*, FEC-15*), we have calculated the free energy and enthalpy of 

reaction for acetal carbon formation via nucleophilic attack with an ethoxide, which can be seen 

in Figure 2.7. The general reaction scheme is seen in the upper right corner of Figure 2.7, with the 

green X representing the different moieties from each of the four mechanisms. Each reaction was 

found to be barrierless and thus no transition state is reported. Each moiety is labeled with the 

corresponding reaction energies on the bar plot. 

While the enthalpy of reaction for each of the reactions was negative, all free energies of 

reaction were positive. The free energies of reaction were approximately +17 kcal/mol more than 

the enthalpy of reaction across the board, implying that the entropic losses for this type of reaction 

are large at 300 K. 

As a result, the SN1-derived species are not expected to undergo this acetal formation 

reaction due to the largely positive free energies of reaction, whereas the SN2-derived species are 

far more likely with free energies of reaction very close to zero. Further, the SN2-derived species 

have negative enthalpies of reaction, which implies that a stable product will be formed if the 

reaction does occur. 
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Figure 2.7: Reaction energies (enthalpy and free energy) for the nucleophilic attack of an aldehyde 

by an alkoxide, shown in the upper-right, where X corresponds to each of the four labeled groups. 

The green bond in each of the groups can be considered the same bond in the shown reaction. The 

labels on the groups correspond to the reaction energies in the left plot. Radical locations are 

denoted with a dot (•) in FEC-7* and FEC-15*. 

 

2.5 Conclusions 

In this study, we have examined how electrolyte additives FEC and VC impact the 

energetics of oligomerization reactions and compared to the case of EC oligomerization. We 

analyzed SN1 and SN2 oligomerization mechanisms in which two possible nucleophiles attack 

either an EC, FEC, or VC. The two nucleophiles studied were an ethoxide anion (for which we 

proposed a formation mechanism) and the o-EC radical anion. We find in all cases that FEC and 

VC mechanisms exhibit lower energy barriers and more stable adducts as compared to the 

analogous EC mechanisms. Moreover, we have shown the feasibility of these mechanisms with 

the o-EC radical anion acting as the nucleophile, in which CO2 formation is seen in the first step 

of each mechanism, a product that is seen in experiment. Despite the large body of work that has 

studied these electrolyte additives, the mechanisms by which they improve battery performance 

are still not well understood. This study elucidates some of the potential roles of FEC and VC as 

electrolyte additives. 

Matching previous studies,15,39,49,50 we predict EC oligomerization via both the SN1 and 

SN2 mechanisms with the former being kinetically favorable and the latter being 
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thermodynamically favorable. Given our results, we conclude that the presence of electrolyte 

additives works to modulate this oligomerization process by either introducing branching points 

(FEC) or termination points (VC). The branching points generated by FEC are formed via SN2 

reaction of an FEC additive with a nucleophile to ultimately form an aldehyde terminal group and 

LiF salt. This aldehyde group can behave as an electrophile that is susceptible to reaction with 

another nucleophile (e.g., another oligomer). In this process, an acetal carbon is formed, which 

allows for further oligomerization via the newly formed oxide group. These branching points 

generated from FEC provide sites for cross-linking in the oligomeric SEI, which would reduce 

oligomer solubility in the liquid electrolyte. VC, on the other hand, can only undergo SN1 reactions, 

which form a resonance stabilized oxide group that slows further oligomerization, thereby 

rendering reactions with VC an effective termination step. 

Furthermore, the proposed roles of these additives during oligomerization do not 

necessitate high concentrations of either FEC or VC and may explain why small quantities of either 

additive provide improved SEI characteristics. Lastly, the proposed radical pathways also only 

require 1e reduction and, depending on the availability of reducing electrons and distance from the 

anode, a second reduction reaction may be significantly slower and thus would favor the proposed 

mechanisms. 
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3 Probing the Thermodynamics and Kinetics of Ethylene 

Carbonate Reduction at the Electrode-Electrolyte Interface with 

Molecular Simulations2 

3.1 Abstract 

Understanding the formation of the solid-electrolyte interphase (SEI) in lithium-ion 

batteries (LIBs) is an ongoing area of research due to its high degree of complexity and the 

difficulties encountered by experimental studies. Herein, we investigate the initial stage of SEI 

growth, the reduction reaction of ethylene carbonate (EC), from both a thermodynamic and kinetic 

approach with theory and molecular simulation. We employed both the potential distribution 

theorem (PDT) and the SMD implicit solvent model to EC solvation for the estimation of reduction 

potentials of Li+, EC, and Li+-solvating EC (s-EC), as well as reduction rate constants of EC and 

s-EC. We find that solvation effects greatly influence these quantities of interest, particularly the 

Li+/Li reference electrode potential in EC solvent. Further, we also compute the inner- and outer-

sphere reorganization energies for both EC and s-EC at the interface of liquid EC and a hydroxyl-

terminated graphite surface, where total reorganization energies are predicted to be 76.6 and 88.9 

kcal/mol, respectively. With the computed reorganization energies, we estimate reduction rate 

constants across a range of overpotentials and show that EC has a larger electron transfer rate 

constant than s-EC at equilibrium, despite s-EC being more thermodynamically favorable. Overall, 

this chapter demonstrates how ion solvation effects largely govern the prediction of reduction 

potentials and electron transfer rate constants at the electrode-electrolyte interface. 

 

3.2 Introduction 

Lithium-ion batteries (LIBs) play an integral role in today’s technologies due to its high 

energy and power densities, making it an optimal choice for a large variety of applications, ranging 

from small, handheld device up to electric vehicles and even grid-scale storage. However, despite 

the wide array of use-cases for LIBs, they are not without their drawbacks. Among other 

downsides, LIBs suffer from capacity fade, or gradual loss of total storage capacity over time, due 

to many factors: pulverization of electrodes, separation from current collectors, dissolution of 

 
2 Reproduced from L.D. Gibson, J. Pfaendtner, and C.J. Mundy. Probing the thermodynamics and kinetics of ethylene 

carbonate reduction at the electrode-electrolyte interface with molecular simulations. The Journal of Chemical 

Physics, 155, 204703 (2021),153 with the permission of AIP Publishing. 
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active material, formation of the solid-electrolyte interphase, etc. Among these many modes of 

capacity fade, it is seen that the formation of this solid-electrolyte interphase (SEI) layer is a 

leading contributor.38 Thus, it is important to understand the mechanisms by which this degradation 

process occurs such that it can be controlled. 

While the formation of this SEI layer can result in capacity fade, it is also important to 

understand that the SEI protects the anode from solvent intercalation. Without it, the graphitic 

anode would delaminate, giving way to rapid failure of the battery.58 Further, the SEI can form a 

passivating layer, thereby preventing its continual growth. However, controlling the chemistry 

behind this growth process is difficult because the governing chemistry is not well understood. 

Thus far, it is known that the SEI growth process is driven by the reductive decomposition of the 

battery’s electrolyte. There are many studies in literature that explore the possible reaction 

mechanisms that follow from electrolyte reduction,10,17,46,90–94 but there are limited studies of 

formulating this process from the vantage point of electron transfer rate theory in the condensed 

phase.95–97 Notably, Kim, et al. approached a similar problem, but focused on Li+ reduction at a 

platinum electrode interface with a solid polymer electrolyte.97 The method they employed allowed 

for the evaluation of reorganization energies as a function of applied electrode potential and found 

that there was a negligible change in reorganization energy as potential was increased. 

The complexities of electron transfer in the vicinity of interfaces (charged or uncharged) 

in which the interface can act as either a donor or acceptor is an active area of research.46,95,98–101 

Viewing interfacial processes through the lens of Marcus theory provides a potentially powerful 

theoretical framework to isolate the important role of local solvent fluctuations as a descriptor for 

a quantitative understanding of the solvent reduction. One aspect of this work is focused on 

generating a methodology for computing the rate of electron transfer (ET) for electrolyte reduction 

at a graphitic anode interface (shown in Figure 3.1a) within the formalism of Marcus.102–105 We 

focus our attention on two electron acceptors: EC (in pure EC solution) and s-EC (EC in the 

solvation shell of a Li+, Figure 3.1b). 
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Figure 3.1: a) Snapshot of the hydroxyl-terminated graphite surface in contact with liquid EC. b) 

Molecular structure of EC and Li+. Side views of the relaxed geometries of c) EC and d) EC−, 

highlighting inner-sphere reorganization. Carbon, oxygen, hydrogen, and lithium are denoted by 

gray, red, white, and green atoms, respectively. 

Briefly, Marcus theory describes rate of ET through interactions with solvent degrees of 

freedom in Marcus’s equation, 

 𝑘𝑒𝑡 =
2𝜋

ℏ

|𝑉𝐴𝐵|2

√4𝜋𝜆/𝛽 
exp(−𝛽Δ𝐴‡)  3.1 

where 𝑉AB is the electronic coupling strength, 𝜆 is the reorganization energy, 𝛽 = 1/𝑘B𝑇, and Δ𝐴‡ 

is defined as 

 Δ𝐴‡ =
(Δ𝐴𝑟𝑥𝑛 + 𝜆)2

4𝜆
 3.2 

where Δ𝐴rxn is the free energy of reaction. Given that most interfacial reduction reactions at an 

electrode surface likely occur within the adiabatic regime of ET,106 we do not compute electronic 

coupling values. 

The free energy of reaction is directly related to the reduction potential, which is a key 

quantity that describes electrochemical stability of electrolytes. 

 Δ𝐴rxn
∘ = −𝑛𝐹Φabs

∘  3.3 



 30 

where Δ𝐴rxn
∘  is the standard free energy of reaction, n is the number of electrons being transferred, 

F is Faraday’s constant, and Φabs
∘  is the standard reduction potential in the absolute scale (note: in 

this chapter the subscript of reduction potentials denotes the reference and subsequent parentheses 

contain the redox couple of interest). The inverse relationship in Eq. (3.3) implies that higher Φ∘ 

values correspond to a greater propensity for reduction. It is often valuable to report reduction  

potentials relative to a standard reference (Li+/Li in our case) rather than the absolute scale given 

the difficulty of measuring absolute free energies experimentally. This is often achieved by using 

the standard hydrogen electrode (SHE) potential of 4.42 V in the absolute scale along with the 

Li+/Li reference potential of −3.05 V vs. SHE,10,61,107,108 

 

ΦLi+/Li
∘ = Φabs

∘ − Φabs
∘ (SHE) − ΦSHE

∘ (Li+/Li) 

= Φabs
∘ − 4.42 + 3.05 

= Φabs
∘ − 1.37 ≈ Φabs

∘ − 1.4 

3.4 

This conversion by subtracting 1.4 V is commonly used when computing reduction 

potentials for LIB electrolyte species such as EC, dimethyl carbonate (DMC), vinylene carbonate 

(VC), and fluoroethylene carbonate (FEC).61,107,108 However, we discuss later in the chapter the 

limitations of the conversions used in Eq. (3.4) for the estimation of reduction potentials. 

In both thermodynamic and kinetic descriptions of EC reduction, the solvation free energy 

plays an important role that must be carefully addressed for the accurate prediction of reduction 

potentials and ET rate constants. The chemical potential of a species X in a solvent is represented 

by, 

 𝜇𝑋 = 𝜇𝑋
∗ +

1

𝛽
ln(𝛾𝑋𝜌𝑋Λ𝑋

3 ) 3.5 

where 𝜇𝑋
∗  is the single-ion solvation free energy at a fixed point, Λ𝑋  is the deBroglie wavelength, 

𝛾𝑋  is the activity coefficient, and 𝜌𝑋  is the concentration of X. The first term in Eq. (3.5) describes 

the local interactions of solute X with a solvent, whereas the second term provides a statistical 

definition of the standard states used in this study.109 

The single-ion solvation free energy is computed in a classical potential by 

 𝜇𝑋
∗ =

1

𝛽
ln〈exp(−𝛽𝑈XS)〉0 − 𝐸𝑋

Vac 3.6 
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where 𝑈XS is the solute-solvent interaction energy and is defined as 𝑈XS = 𝑈XS,Ns − 𝑈Ns, which is 

the energy difference for a given solvent structure with and without the ion. 𝐸𝑋
Vac is the energy of 

X in vacuum and 〈⋯ 〉0 denotes that averaging is done in the ensemble with no solute-solvent 

interactions. Eq. (3.6) can be simplified into the following form using the potential distribution 

theorem (PDT),110–112 

 𝜇𝑋
∗ = 𝜇Cav

∗ + 𝜇PC
∗ − 𝐸𝑋

Vac 3.7 

where 𝜇Cav
∗  is the free energy required to form a cavity with a radius matching species X and 𝜇PC

∗
 

is the charging free energy that describes the solvent’s response to the creation of a solute’s charge. 

Eq. (3.7) would also include contributions from the surface potential, but in this work those 

contributions were computed to be negligible. A more in-depth derivation of 𝜇𝑋
∗  can be found in 

Refs. 111 and 112. In implicit solvent (SMD113), the solvation free energy can be approximated 

directly by taking the difference in energy between each state with and without a solvent model, 

 𝜇𝑋
∗ ≈ 𝐸𝑋

SMD − 𝐸𝑋
Vac 3.8 

The charging free energy can be computed by incrementally adding small amounts of charge to 

the ion,111,112 

 𝜇PC
∗ = ∑ −

1

𝛽
ln⟨exp[−𝛽(𝑈(𝑖+1)𝛿𝑞 − 𝑈𝑖𝛿𝑞)]⟩𝑈𝑖𝛿𝑞

𝑀−1

𝑖=0

 3.9 

where M is the total number of windows for charging, 𝑈𝑖𝛿𝑞  and 𝑈(𝑖+1)𝛿𝑞  are the average potential 

energies of the system in windows i and i + 1, respectively, and 𝛿𝑞 is the incremental charge step 

size (𝛿𝑞 = 𝑞/𝑀). To ensure that the step size is small enough, 𝜇PC
∗  µPC∗ can be computed in reverse 

via 

 𝜇PC
∗ = ∑

1

𝛽
ln⟨exp[𝛽(𝑈(𝑖+1)𝛿𝑞 − 𝑈𝑖𝛿𝑞)]⟩𝑈𝑖𝛿𝑞

𝑀

𝑖=1

 3.10 

 

and should match the profile generated by Eq. (3.9). 

The focus of our work is on identifying the impact of solvation on the thermodynamics and 

kinetics of ethylene carbonate reduction in the condensed phase by computing reduction potentials 

for Li+, EC, and s-EC and ET rate constants for EC and s-EC. Multiple early works have studied 
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ET at an interface106,114–116 and provide a good foundation for our study. We closely followed the 

work of Rose and Benjamin,114 but with an increased complexity of the systems studied. In this 

chapter, we use the potential distribution theorem (PDT) to evaluate solvation for condensed phase 

calculations of reduction potentials and compared to both an implicit solvent model (SMD) and 

literature values. We also compute reorganization energies for EC and s-EC reduction at a simple 

electrode interface for the prediction of ET rate constants across a range of overpotentials. 

3.3 Methods 

Two main quantities are computed in this work for Li+, EC, and s-EC: reduction potentials 

and electron transfer (ET) rate constants. For the calculation of reduction potentials, several steps 

are involved (shown in Figure 3.2), including the calculation of solvation free energies and free 

energies of reaction. The free energies of reaction are extracted from thermodynamic cycles 

(Figure 3.3) which are converted to reduction potentials via Eq. (3.3). The key quantity of focus 

in this work is the solvation free energy which largely affects the free energy of reaction and 

consequently the reduction potential. The ET rate constant calculations are governed by 

reorganization energies, which are discussed in Section 3.3.4. 

 

 



 33 

 
 

Figure 3.2: Workflow for computing EC reduction potentials from solvation free energies. The 

same general workflow is also applied when computing Li+ and s-EC reduction potentials. This 

highlights the connection between solvation free energies and predicted reduction potentials. 

 

3.3.1 Classical Molecular Dynamics (MD) 

All classical simulations were run using GROMACS117 in the NVT ensemble at 300 K and 

a step size of 0.5 fs. The Nosé-Hoover thermostat66,67 was used to maintain the system’s 

temperature and the all-atom optimized potentials for liquid simulations (OPLS-AA) forcefield118–

120 was used to describe all interatomic interactions. The OPLS-AA forcefield has been used 

previously to accurately compute transfer free energies for similar systems.121 All restraints (unless 

otherwise specified) were applied via the PLUMED library.75 

3.3.2 Potential Distribution Theorem (PDT) 

Solvation free energies are computed from condensed phase classical MD simulations 

using the potential distribution theorem (PDT),110–112 which breaks the solvation free energy into 
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multiple contributions that can be computed separately, shown in Eq. (3.7). Charging free energy 

simulations were done in a 3 nm cubic box for the Li and EC systems solvated in bulk EC with no 

interface following Eq. (3.9) in increments of 0.1 |e|. Simulations of cavity formation were 

performed in the same conditions as charging, but instead of adjusting charge, the 𝜎 Lennard-Jones 

parameter of a neutral Li atom was incremented from 0 to 2.2 Å in 50 steps of 0.044 Å. 

3.3.3 Reduction Potentials 

DFT calculations for reduction potentials were performed with Gaussian 16 rev. a03.82 The 

B3PW91 hybrid funcitonal29 was used with the 6-311++G(d,p) basis set122,123 for the calculation 

of reduction potentials, electron affinities, and ionization potentials. When an implicit solvent was 

utilized, the SMD method113 was employed with 𝜖 = 89.78 to match that of liquid EC.86 Free 

energies computed with DFT were obtained via frequency calculations, which compute entropic 

contributions and zero-point energy corrections to enthalpy at a reference state (1 atm and 298.15 

K) using the rigid rotor harmonic oscillator (RRHO) approximation. 

Binding energies were computed via umbrella sampling33 in the same simulation 

environment as charging using classical MD. The binding energies in Figure 3.3c are derived from 

the following equation, 

 Δ𝐴b
∘ = −𝑘B𝑇 ln(𝐾b) 3.11 

where 𝐾b is the equilibrium binding constant. 𝐾b is computed from a potential of mean force 

(PMF), 𝑤(𝑟), via 𝑟2-weighted integration 

 Kb = ∫ 4𝜋𝐶∘𝑟2d𝑟 exp{−𝛽[𝑤(𝑟) − 𝑤(𝑟∗)]}
site

 3.12 

where 𝑟∗ denotes a radial distance within the bulk region and 𝐶∘ is the standard concentration (1 

mol/L). We have defined the binding site region to begin at r = 0 and end at the first peak in the 

PMF.124 

3.3.4 Reorganization Energies 

Reorganization energies for EC and s-EC are computed with respect to their reduced, cyclic 

structure (i.e., not the ring-opened structure). Although this ring-opened structure of EC− is lower 

in energy than the cyclic structure, there still exists an energy barrier separating these two states.12 

Therefore, we have chosen to compute reorganization energies with respect to the cyclic structure 

of EC−. 
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Inner-sphere reorganization energies were calculated by first optimizing EC and EC− 

structures with 𝑞 = 0 and −1 |e| net charges, respectively, with static DFT in CP2K.70 The Perdew-

Burke-Ernzerhof exchange-correlation functional27 was employed with double zeta basis sets and 

GTH pseudopotentials125–128 along with a 400 Ry cutoff. Singlet and doublet multiplicities were 

used for the neutral and reduced states, respectively. Optimized structures for EC and EC− were 

then used to evaluate their energies with swapped charges (𝑞 = −1 and 0 |e|, respectively). The 

energy difference between the bent and flat configurations for each charge state was calculated 

and averaged to yield the inner-sphere reorganization energy in Table 3.3. Alternatively, we 

evaluated the inner-sphere reorganization energy using ab initio molecular dynamics (AIMD) 

simulations of liquid EC in CP2K. AIMD simulations were run with a 0.5 fs time step and at the 

same level of theory as the inner-sphere reorganization energy calculations. EC− structures were 

sampled in liquid EC and then substituted into a separate AIMD simulation of pure liquid EC (no 

net charge) by choosing a single EC molecule and aligning their structures by minimizing the root-

mean-square deviation (RMSD). The trajectory with the substituted structure was resampled (still 

with 0 net charge) and the resulting energy difference was averaged to give the AIMD value in 

Table 3.3. Marcus parabolas were constructed with a hydroxyl-terminated graphite surface 

contacting liquid EC and box size of 7.10 x 2.93 x 2.60 nm in GROMACS. EC and s-EC were 

held at the EEI using a harmonic restraint. Regions beyond the free energy minima were sampled 

by directly adjusting the oxidant’s charge which was then reweighted back to the two charge states 

(oxidized and reduced) in a manner similar to umbrella sampling (also discussed in Ref. 114), 

allowing us to reconstruct the full parabolas for high energy regions. Partial charges for the reduced 

state of EC were estimated via a restrained electrostatic potential (RESP) calculation in CP2K with 

the same level of theory used for inner-sphere reorganization energy calculations. 

The reaction coordinate used in the Marcus parabolas was the electrostatic potential on the 

geometric center of the ion,114,129,130 

 𝑈(𝑹⃗⃗ ) = ∑
𝑘𝑒𝑞𝑖

|𝑹⃗⃗ 𝑖|𝑖

 3.13 

Where 𝑹⃗⃗  denotes the configuration of all atoms in the system, 𝑘𝑒 is Coulomb’s constant, 𝑞𝑖 is the 

charge on solvent atom i, and |𝑹⃗⃗ 𝑖| is the distance between atom i and the geometric center of the 

EC. 
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The order parameter in Eq. (3.13) is not easily restrained for umbrella sampling windows. 

Instead, we used the molecular net charge as an effective restraint along the order parameter. In 

this way, we can simply take the static bias potential as 

 𝑉bias
(𝑚)

(𝑈(𝑹⃗⃗ , 𝑡)) = 𝑈𝛿𝑞
(𝑚)

(𝑹⃗⃗ , 𝑡) − 𝑈𝑞=0,−1(𝑹⃗⃗ , 𝑡), 3.14 

where 𝛿𝑞 is the change in net charge of EC, 𝑈𝛿𝑞  is the potential energy for the mth window with 

net charge 𝛿𝑞, and 𝑈𝑞=0,−1 is the potential energy for the same molecular configurations but with 

𝑞 = 0 or −1 |e|. This allows us to reconstruct both Marcus parabolas for the reactant and product 

diabatic states from the same series of simulations, in which the net charge of an EC molecule is 

changed from 0 to −1 in 0.2 |e| charge increments. The free energy, A, along the solvent coordinate 

for window m is then computed by 

 𝐴(𝑚)(𝑢) = −𝑘𝐵𝑇 ln 〈𝛿[𝑢 − 𝑈(𝑹⃗⃗ )] 𝛽𝑉bias
(𝑚)

(𝑈(𝑹⃗⃗ ))〉𝛿𝑞 3.15 

where 𝛿[⋯ ] is the Dirac delta function, u is the reaction coordinate along which the free energy 

profile is established, and 〈⋯ 〉𝛿𝑞  denotes averaging is done in the ensemble with 𝛿𝑞 partial charges 

on EC. This process produces a PMF for each window along the order parameter following the 

procedure of umbrella sampling.33 Each PMF segment is manually aligned so they create a single, 

smooth PMF. This manual alignment was allowable because the shape of the full PMF was largely 

expected to follow a parabolic trend, which was ultimately observed. The PMFs are then fitted to 

symmetrical parabolas for the reactant and product states. 

3.4 Results & Discussion 

3.4.1 Solvation Free Energy 

The free energy of reaction describes the driving force behind ET and can be approximated 

from the thermodynamic cycles depicted in Figure 3.3. The free energy of ET reactions can also 

be represented as the reduction potential, which describes the likelihood of a species to be reduced. 

In Figure 3.3a and Figure 3.3b, the oxidant is desolvated into the vacuum phase where the 

electron is added. Following reduction, the species is then deposited to the solid phase (Figure 

3.3a) or solvated again (Figure 3.3b). However, in Figure 3.3c, the Li+ and EC are coordinated 

and must be separated in the solvent phase first, after which the EC can follow the same cycle as 

Figure 3.3b before finally re-coordinating with a Li+. 
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Figure 3.3: Thermodynamic cycles for a) Li+ + e− → Li, b) EC + e− → EC−, and c) Li+···EC + e− 

→ Li+···EC− redox reactions. 𝜇∗(𝑋) denotes the single ion solvation free energy in EC and Δ𝐴sub
∘  

denotes the standard free energy of sublimation. EIP and EEA denote the ionization potential and 

electron affinity in vacuum, respectively. X(solv), X(g), X(s) denote solvated, gaseous, and solid 

phases, respectively, for species X. Δ𝐴b
∘ (𝑋, 𝑌) denotes the standard binding energy between X and 

Y. The signs of thermodynamic quantities in the cycles arise from the transitions depicted by the 

arrows. 

 

The key quantities in each of the thermodynamic cycles are the solvation free energies, 

which are represented as single-ion solvation free energies, 𝜇𝑋
∗ . We posit that isolating this local109 

contribution to the chemical potential will provide a useful descriptor for important collective 

effects. 

In the case of EC, the full single-ion solvation free energy was not required given that the 

difference in solvation energies between its reduced and neutral states was sufficient. The 𝐸𝑋
Vac 

term in Eq. (3.7) cannot be ignored for EC because it is a polyatomic ion with a non-zero vacuum 

energy, whereas it can be neglected in the case of lithium. The difference in solvation free energy 

is then 

 

Δ𝜇EC
∗ = 𝜇EC−

∗ − 𝜇EC
∗  

= Δ𝜇PC,EC
∗ − Δ𝐸EC

Vac 
3.16 
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Since the thermodynamic pathway for EC− solvation contains the EC solvation pathway, the cavity 

formation free energies are the same and cancel. 𝜇PC,EC
∗  denotes the charging from EC with partial 

charges in its neutral state to partial charges of EC−. 

We have computed the charging free energy profiles, 𝜇PC
∗ , for lithium and EC using Eq. 

(3.9), which are shown in Figure 3.4a. Lithium yields a large charging free energy at −106.7 

kcal/mol whereas EC yields a much smaller charging free energy of −21.7 kcal/mol. In Figure 

3.4b we compare the 𝜇∗ and Δ𝜇∗ values for Li+ and EC, respectively, when computed with SMD 

(lighter shade) and PDT (darker shade). For Li+, the single-ion solvation free energy was computed 

to be −89.3 and −104.8 kcal/mol for SMD and PDT, respectively. The PDT value was computed 

using Eq. (3.7) where 𝜇Cav
∗  was taken from Figure 3.5 to be 1.9 kcal/mol. This free energy profile 

of cavity formation in liquid EC increases at a rate approximately twice as fast as that in water,131 

which is supported by the difference in their densities (1.32 g/cm3 vs. 0.997 g/cm3, respectively). 

The SMD value for 𝜇Li+
∗  was computed using Eq. (3.8) and reports a significantly lower value than 

PDT, which can be attributed to the limited applicability of the SMD model for ionic species with 

such small cavities.107 

 

 
 

Figure 3.4: a) Charging free energy profiles of EC and Li. From left to right, the charge of EC 

transitions from 0 to -1, whereas Li transitions from 0 to +1. b) Comparison of charging free 

energies computed with SMD (lighter shades) and PDT (darker shades). 
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Figure 3.5: Free energy of cavity formation for a hard sphere in ethylene carbonate up to the radius 

of Li+. 

 

There is a 15.5 kcal/mol difference between the two solvation methods, but our computed 

value for the single-ion solvation free energy of lithium in EC is supported by quasi-chemical 

theory (QCT) calculations that also predict a +15 kcal/mol transfer free energy for Li+ between EC 

and water, with water being the favored solvent.121 Comparing our value to the free energy of 

solvation for Li+ in water (−120 kcal/mol),112 we see very close agreement in the transfer free 

energy from Ref. 121. Again, we note that these comparisons only apply to the single-ion solvation 

free energy and do not account for chemical activities in Eq. (3.5). 

For EC, SMD predicts that Δ𝜇EC
∗  = −36.7 kcal/mol from Eq. (3.8), whereas PDT predicts a 

value of −26.1 kcal/mol. The Δ𝐸EC
Vac term of Eq. (3.16) was computed to be −4.4 kcal/mol. SMD 

predicts a more favorable solvation free energy for EC over PDT by approximately 10 kcal/mol. 

It is important to note that these reduction reactions occur near the electrode interface, but 

the single-ion solvation free energies computed in this work are for the bulk phase. An attempt to 

adjust the free energy from the bulk phase to the interfacial region did not yield noticeable changes, 

which was due largely to non-polarizability of the surface used. An improved description of the 

interface with a polarizable surface would yield a better estimate of the interfacial solvation region. 

The charging of species directly at the interface would not be required since bulk phase solvation 

energies can be adjusted by the difference in interfacial binding energies. Recently, Angarita-

Gomez and Balbuena have demonstrated the destabilization of the solvation shell of a Li+ as it 
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approaches an anode interface, with changes in the solvation free energy of approximately 1 eV 

for a Li+ in EC.132 Their work further highlights the impact of interfacial effects on solvation 

energies. 

3.4.2 Reduction Potentials 

In Table 3.1 and Table 3.2, we have used the single-ion solvation free energies in Figure 

3.4b to compute reduction potentials for Li+, EC, and s-EC. The values for −𝐸IP(Li) and 

−𝐸EA(EC) in Figure 3.3 were computed to be −128.6 and 7.1 kcal/mol, respectively. The two 

binding energies in Figure 3.3c, −Δ𝐴b
∘ (Li+, EC) and −Δ𝐴b

∘ (Li+, EC−), were computed to be −0.5 

and −5.7 kcal/mol, respectively. The handbook133 value for Li sublimation, Δ𝐴sub
∘ (Li), is 38.1 

kcal/mol. 

For comparison, we used both implicit (SMD) and explicit (PDT) solvent models to 

compute the charging free energy. For each respective calculation method, we first computed the 

Li+/Li reduction potential in the absolute scale, Φabs
∘ (Li+/Li), (reported in Table 3.1 and Table 

3.2), which were then used to convert the reduction potentials of EC and s-EC from the absolute 

scale to the Li+/Li scale via 

 ΦLi+/Li
∘ = −

Δ𝐴rxn
∘

𝑛𝐹
− Φabs

∘ (Li+/Li) 3.17 

where Δ𝐴rxn
∘  is the standard free energy of reaction, n is the number of electrons transferred, F is 

Faraday’s constant. 

 

Table 3.1: Reduction potentials for Li+, EC, and s-EC with solvation free energies computed via 

PDT. Values in the first column are reported in Volts in the absolute scale, whereas all other 

columns are reported in Volts vs. Li+/Li. The ΦLi+/Li
∘

 column corresponds to the Li+/Li scale as 

computed in this work, whereas the Φ
Li+/Li
∘,(1.4 V)

 column represents reduction potentials in the Li+/Li 

scale using the commonly applied relationship Φ
Li+/Li
∘,(1.4 V)

= Φabs
∘ − 1.4 V. Columns with an 

additional 1.3 V represent the inclusion of the ring-opening reaction as discussed in the text. 

Although the last column closely matches the experimental value (0.8 V vs. Li+/Li)134, the origin 

of this lacks the self-consistency of using the Li+/Li scale as computed in this work as discussed 

in the main text. 

Species Φabs
°  ΦLi+/Li

°  ΦLi+/Li
° + 1.3 V Φ

Li+/Li
°,(1.4 V)

 Φ
Li+/Li
°,(1.4 V)

+ 1.3 V 

Li+ 2.60 0.00 – – – 

EC 0.82 -1.78 -0.48 -0.58 0.72 

s-EC 1.10 -1.50 -0.20 -0.30 1.00 
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Table 3.2: Reduction potentials for Li+, EC, and s-EC with solvation free energies computed via 

SMD implicit solvent model. Values in the first column are reported in Volts in the absolute scale, 

whereas all other columns are reported in Volts vs. Li+/Li. The ΦLi+/Li
∘

 column corresponds to the 

Li+/Li scale as computed in this work, whereas the Φ
Li+/Li
∘,(1.4 V)

 column represents reduction potentials 

in the Li+/Li scale using the commonly applied relationship Φ
Li+/Li
∘,(1.4 V)

= Φabs
∘ − 1.4 V. Columns 

with an additional 1.3 V represent the inclusion of the ring-opening reaction as discussed in the 

text. 

Species Φabs
°  ΦLi+/Li

°  ΦLi+/Li
° + 1.3 V Φ

Li+/Li
°,(1.4 V)

 Φ
Li+/Li
°,(1.4 V)

+ 1.3 V 

Li+ 3.35 0.00 – – – 

EC 1.28 -2.07 -0.77 -0.12 1.18 

s-EC 1.56 -1.79 -0.49 0.16 1.46 

 

The reported value for Φabs
∘ (Li+/Li) ranges from 1.3 to 1.79 V; with 1.4 V being 

commonly used as it aligns with the conversion described in Eq. (3.4).108 However, this range of 

reported values do not correspond to Li+ solvation in EC, but rather with water, DMSO, or 

acetonitrile. While the solvent is expected to only shift the reduction potential by a couple tenths 

of a Volt,108 we computed Φabs
∘ (Li+/Li) to be 3.35 and 2.60 V with SMD and PDT, respectively. 

In Table 3.1 and Table 3.2, we have included additional columns that correspond to the commonly 

used 1.4 V value (Φ
Li+/Li

∘,(1.4 V)
= Φabs

∘ − 1.4 V)  and/or the addition of 1.3 V, which corresponds to 

the inclusion of the ring-opening reaction of EC (discussed later in this section). The additional 

columns do not include values for Li+ because the new conversions/modifications do not apply to 

Li+ reduction. These columns are included to demonstrate how we can align with literature values 

when using similar conversion methods from the absolute scale. However, a major focus of this 

study is to compute reduction potentials self-consistently [i.e., using Φabs
∘ (Li+/Li) computed in 

this work, along with Eq. (3.17)]. Importantly, the solvation free energy of Li+ is seemingly the 

only quantity that affects Φabs
∘ (Li+/Li) in Figure 3.3a when changing solvents. The value of 1.4 

V that is often used10,61,107,108 corresponds to a solvation free energy of approximately −130 

kcal/mol for Li+, which is even greater than the solvation free energy for water by 10 kcal/mol. 

However, Li+ is expected to have a less favorable solvation free energy in EC vs. water by 

approximately 15 kcal/mol (−105 vs −120 kcal/mol, respectively).121 The resulting 25 kcal/mol 
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difference in 𝜇Li+
∘  between our computed value (−105 kcal/mol) and the purported −130 kcal/mol 

leads to a 1.08 V difference in Φabs
∘ (Li+/Li) values. 

Additionally, the common 1.4 V corresponds to aqueous systems and thus is expected to 

differ for non-aqueous systems such as EC. Busch, et al. presents an approach for computing the 

standard hydrogen electrode potential for aqueous and non-aqueous and reports a Φabs
∘ (SHE) value 

of approximately 4.1 V in water and 4.9 V in polar, non-aqueous solvents (e.g., DMSO, 

acetonitrile, DMF).135 This apparent 0.8 V difference demonstrates the disparity between aqueous 

and non-aqueous electrode potentials. 

Comparing the reduction potentials for EC and s-EC when converted via 1.4 V (“Φ
Li+/Li
∘,(1.4 V)

” 

columns in Table 3.1 and Table 3.2) to those in literature10,61, we see a difference of 0.5-0.8 V for 

the PDT-derived values and 0.1-0.2 V difference for the SMD-derived values. The deviation in 

with PDT-derived values is largely due to the difference in methods for computing solvation free 

energies. The close agreement with the SMD-derived values is unsurprising given that approaches 

in literature often employ implicit solvent models.10,61 These Φ
Li+/Li
∘,(1.4 V)

 reduction potentials are 

included to allow for the direct comparison with literature, but we maintain the importance of 

computing the reduction potentials self-consistently. 

Compared to PDT, SMD reports a lower reduction potential for the Li+/Li reference due to 

its less favorable solvation free energy, but predicts larger Φabs
∘  values for EC and s-EC. The 

primary difference between EC and s-EC is the difference in binding energies for the s-EC cycle 

in Figure 3.3c and thus ion concentration would likely impact Φ∘(s-EC) values through the 

binding energies computed with Eqs. (3.11) and (3.12). 

An important aspect to consider is the overall reaction that is measured experimentally. 

Zhang, et al. previously measured the reduction potential of EC in THF to be 1.36 V vs. Li+/Li, 

which matched closely with their computed value of 1.46 V vs. Li+/Li.136 However, the putative 

reaction in their thermodynamic cycle also included the ring-opening degradation reaction of EC−, 

whereas we are only considering the ET reaction. An inclusion of the ring-opening reaction would 

increase the s-EC and EC reduction potentials by approximately 1.3 V (shown in Table 3.1 and 

Table 3.2) if the ring-opening free energy of reaction in solvent is −30 kcal/mol.12 The inclusion 

of the ring-opening reaction does bring our computed reduction potentials (“ΦLi+/Li
∘ + 1.3 V” 

columns in Table 3.1 and Table 3.2) for EC and s-EC closer to literature values, but they still 
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differ by approximately 1 V from the experimental value of 0.8 V vs. Li+/Li.134 However, 

compared to theoretical values computed in literature,10,61 our PDT-derived values only differ by 

approximately 0.5 V. This discrepancy is further lessened by using the common 1.4 V value along 

with the ring-opening reaction (“Φ
Li+/Li
∘,(1.4 V)

+ 1.3 V” columns). However, the goal of this study is 

to present a workflow where reduction potentials can be computed self-consistently, i.e., using a 

computed value for Φabs
∘ (Li+/Li) to convert to the Li+/Li scale. Although the rightmost column in 

Table 3.1 closely matches the experimental value for EC reduction (0.8 V vs. Li+/Li), we argue 

that this result is confounded by its lack of self-consistency in its approach. 

Another possible contribution to this discrepancy is related to the limited knowledge of the 

(electro)chemical environment at the electrode-electrolyte interface (EEI). Electrolyte reduction is 

expected to occur at the EEI within the electric double layer,10 wherein the structuring of dipoles 

and ions are highly ordered and electric potentials are not fully screened, which can greatly impact 

the solvation free energy. The thermodynamic cycles in Figure 3.3 do not discriminate between 

interfacial and bulk solvation and thus introduces a potential source of error that is not easily 

resolved. Baskin and Prendergast have developed continuum models to describe the speciation at 

such interfaces and would prove useful in future studies.137 Another useful tool would be the 

constant potential method (CPM),138 which allows for a constant potential, polarizable electrode 

that can provide an accurate description of the chemical environment at the EEI. 

3.4.3 Reorganization Energy 

With the free energies of reaction computed, we shift our focus to another major factor that 

governs ET rates, the reorganization energy, which describes the entire system’s response to a 

transfer of charge. This reorganization energy, λ, can be decomposed into two components, 

 𝜆 = 𝜆𝑖 + 𝜆𝑜 , 3.18 

where 𝜆𝑖 and 𝜆𝑜 are the inner- and outer-sphere reorganization energies, respectively. Inner-sphere 

refers to internal reconfiguration associated with a change in charge, e.g., extension of a bond or 

loss of planarity. Outer-sphere reorganization refers to the solvent’s response to the change in 

charge state of the oxidant. 

EC exhibits both an inner- and outer-sphere response to charge transfer. Once reduced, the 

sp2 carbon in the carbonate group bends out of plane to account for the newly acquired electron. 

The inner-sphere reorganization energy is the energy difference between the bent and flat 
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conformations for a given charge state, which we’ve computed to be 46.6 and 35.8 kcal/mol when 

EC’s charge is 0 and −1, respectively. The average of the two quantities gives us an inner-sphere 

reorganization value of 41.2 kcal/mol, which closely matches what has been computed in literature 

previously.95 The inner-sphere reorganization energy was also computed with AIMD calculations 

in the condensed phase to produce a similar value of 43 kcal/mol. Given that there is little 

difference between the two computed 𝜆𝑖 values, we conclude that there is a limited impact on 

inner-sphere response by the solvent degrees of freedom. All inner-sphere reorganization energy 

values are shown in Table 3.3. The inner-sphere reorganization energy is applied to both EC and 

s-EC in this work. 

 

Table 3.3: PBE/DZVP energies of bent and flat configurations of EC with net charges of 0 and -1 

(relative to flat, neutral EC, i.e., Figure 3.1c). Inner-sphere reorganization energies for each charge 

state are shown on the right. All energies are in kcal/mol. 

Charge (|e|) Flat Bent 𝜆𝑖 
0 0.0 46.6 46.6 
-1 39.9 4.1 35.8 

  Mean λi,DFT 41.2 

  Mean λi,AIMD 43 

 

Outer-sphere reorganization energies, 𝜆𝑜, were computed by constructing the full Marcus 

parabolas along the solvent coordinate, shown in Figure 3.6. EC and s-EC were held directly at 

the interface during the construction of the Marcus parabolas. In the classical potential, no new 

force-field parameters were created to account for the EC− bent structure (Figure 3.1d) and instead 

neutral EC parameters were used. Thus, the reorganization energies from Figure 3.6 represent 

only outer-sphere response. The hydroxyl-terminated graphite surface (Figure 3.1a) that was used 

in this study is not polarizable; however, we are interested in computing reorganization energies 

at the interface, which have been shown to remain stable across a range of voltages.97 
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Figure 3.6: Marcus parabolas along solvent coordinate for a) EC and b) s-EC. The black and red 

curves in (a) and (b) denote the reactant and product states, respectively, with outer-sphere 

reorganization energies labeled. Parabolas are shown for the case of 0, which also 

corresponds to η = 0. c) Relationship between predicted rate constant for electron transfer and 

overpotential, η, for EC and s-EC. 

 

For both EC and s-EC, we see large contributions from the solvent (35.4 and 47.7 kcal/mol, 

respectively) that go into the full reorganization energy. Leung previously employed an implicit 

solvent model to estimate the full s-EC reorganization energy at 47.3 kcal/mol, which is nearly the 

same amount as the value computed in this work for purely the outer-sphere contribution. Overall, 

the full reorganization energies for EC and s-EC are estimated at 76.6 and 88.9 kcal/mol, 

respectively. This result demonstrates the strength of the solvent’s response to EC reduction and 

highlights the importance of explicit solvation. 

3.4.4 Prediction of Electron Transfer Rate Constants 

With both free energies of reaction and full reorganization energies computed for EC and 

s-EC, the last remaining unknown quantity in Eq. (3.1) is the electronic coupling, 𝑉AB. However, 

it is expected that the reduction of EC during SEI growth occurs in the adiabatic regime of ET, 

implying that the electronic coupling is high. To approximate this, we assume that |𝑉AB| = 100 

meV. We also tested a range of values and found that there was a negligible impact on the trends 

reported herein. Although we strived for self-consistency to obtain values for the ET rate constant 

within the molecular framework presented in this chapter, computing the diabatic couplings 

remains a challenge. Currently we subscribe to the theory of Ref. 139 for the condensed phase. 

However, further modifications of this theory have been proposed in Ref. 140 and will be the focus 

of a future study. 
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With each quantity computed or defined, we can introduce a dependence on an 

overpotential which adjusts the systems free energy of reaction,114 

 Δ𝐴rxn
∘ (𝜂) = Δ𝐴rxn + 𝜂Δ𝑞, 3.19 

where 𝜂 is the overpotential and Δ𝑞 is the total change in charge (i.e., −1).114 We estimated the ET 

rate constant as a function of overpotential, which is shown in Figure 3.6c. An overpotential of 0 

is assigned for the case of Δ𝐴rxn
∘  = 0.114 

For both EC and s-EC there is an apparent peak in the rate constants of ET between 3-4 V 

in overpotential, wherein the rate constants decrease as driving force increases due to the inverted 

region. However, systems do not typically operate at such large overpotentials and the inverted 

region is not expected to be reached. EC seemingly exhibits a larger ET rate constant than s-EC 

for overpotentials up to the inverted region, but both systems have been scaled to 𝜂 = 0 when Δ𝐴rxn
∘  

= 0, respectively. Since the overpotential describes the deviation from theoretical reduction 

potential values, Figure 3.6c shows that EC has a slightly larger ET rate constant than s-EC when 

at equilibrium, but s-EC is still more thermodynamically favorable due to its higher reduction 

potentials in Table 3.1 and Table 3.2. The primary reason for EC having a higher ET rate constant 

at equilibrium is due to its lower reorganization energy over s-EC because in the limit of Δ𝐴rxn = 

0, Δ𝐴‡ = 𝜆/4. 

If we assume that η represents the deviation from the theoretical reduction potential,141 then 

setting the 𝜂 = 0 locations to the respective Φ∘ for each curve would demonstrate that 𝑘𝑒𝑡 for EC 

and s-EC are nearly overlapping in the region of their reduction potentials, demonstrating the 

competition between kinetics and thermodynamics for this system. Kim, et al. also demonstrated 

that changes in electrode potential had a minimal effect on the reorganization energy using a 

constant potential method for a model platinum metal electrode.97 Although this approach would 

likely impact the absolute value of outer-sphere reorganization energies, the trend between EC and 

s-EC would not be expected to change. 

 

3.5 Conclusions 

In conclusion, we have utilized the potential distribution theorem to describe solvation and 

compared to the SMD implicit solvent model in DFT in the prediction of reduction potentials for 

Li+, EC, and s-EC. Our results highlighted the impact of solvation free energy regarding the 

disparity between the commonly used 1.4 V for Φabs
∘ (Li+/Li) and our computed values, which 
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were lower by 1-2 V. Moreover, we have established a workflow for the prediction of rate 

constants of electron transfer in heterogeneous reduction reactions that require treatment of both 

inner- and outer-sphere reorganization. We find that s-EC is more likely to be reduced over pure 

EC due to their reduction potentials. However, at equilibrium, EC has a faster ET rate constant 

than s-EC due to its lower reorganization energy. This implies that the kinetics of EC reduction 

may compete with the favorable thermodynamics of s-EC reduction. 

Although we argue the importance of explicit solvation, we acknowledge that the approach 

in this work is not without limitations. Eq. (3.7) is missing a quantum mechanical contribution 

term, whereas real solvation free energies should account for quantum mechanical interactions 

according to Ref. 112. Therefore, the difference in real solvation free energies (Δ𝜇𝑋
∗ ) would also 

include the difference in quantum mechanical contributions to solvation. 

Exciting future works involve an improved description of the chemical environment at the 

EEI to better mimic an electric double layer with the use of a constant potential, polarizable 

electrode.138 In conjunction with more expensive DFT calculations of ion solvation free energies, 

the constant potential approach would facilitate improved estimations of reduction potentials 

beyond what are provided in the commonly used thermodynamic cycles in Figure 3.3, in addition 

to better estimates of reorganization energies in the electric double layer. Further, reduced models 

such as a generalized Langevin equation can also be constructed to estimate electron transfer rates 

with reactive flux calculations. Experimentally, this work can be supported by measuring Li+ ion 

solvation free energy in EC for direct comparison. The measurement of the Li+/Li reference 

electrode in EC solvent would also greatly benefit this study.  
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4 Reaction Coordinate Analysis of Electrolyte Degradation in Bulk 

vs. Interfacial Environments3 

4.1 Introduction 

A wide array of chemical reactions drive the growth of the solid-electrolyte interphase 

(SEI) in lithium-ion batteries (LIBs).2,58,86,92 As a result, there is a large distribution of degradation 

products throughout the SEI layer, with Li-salt inorganic species near the electrode interface and 

organic species in the outer-SEI region. In this outer-SEI region, oligomeric species have been 

detected experimentally15,16,39,49 and predicted computationally22,50,90. In the computational studies 

of oligomer formation, there is often little discussion about the origins of the initiator species that 

kick off the cascade of oligomerization reactions. Decomposed electrolyte species with a terminal 

oxide group are commonly used as an initiator when studying oligomerization reactions.50,90 These 

terminal oxide groups can form via a decarboxylation reaction of a carbonate group, in which a 

CO2 molecule dissociates away, leaving the anionic oxide. 

Given the interfacial nature of the SEI, this work aims to grant insight into the role of an 

interface on electrolyte degradation reactions, such as the decarboxylation reaction described 

above. It is known that at interfaces the chemical environment can differ greatly from what is 

observed in the bulk phase;142,143 therefore, we plan to examine key electrolyte degradation 

reactions in the bulk phase and at an interface. 

However, to truly understand the underlying mechanism by which a chemical reaction 

occurs, it is necessary to know the reaction coordinate that governs the chemical transformation. 

For situations in which the reacting system weakly interacts with its chemical environment, these 

reaction coordinates can typically be approximated by a couple simple degrees of freedom or less. 

However, reaction coordinates can become particularly unintuitive in condensed phase systems 

for even simple reactions, such as the aqueous SN2 reaction between Cl- and CH3Cl.144,145 

In molecular simulations, it is often necessary to reduce the vast number of degrees of 

freedom to one or more collective variables to reduce the dimensionality of the system. A 

collective variable (CV) is simply any quantity that can be calculated from the atomic coordinates 

in 3D space. However, it is often more useful to use order parameters (OPs), which are CVs that 

can distinguish between relevant states of interest. Furthermore, the quantity with the most 

 
3 This chapter features ongoing work and was also supported by Isaiah Lemmon, who developed the transition-

sampling Python package for performing aimless shooting simulations and likelihood maximization. 
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rigorous definition is the reaction coordinate, which can accurately describe the transformation 

between two states (e.g., reactant and product basins, two conformations of a protein, etc.) and 

satisfies the committor probability test, which is explained in the methods section below. 

Neglecting important degrees of freedom can lead to erroneous descriptions of transition 

regions. An example of this can be seen in Figure 4.1, in which two different 2-dimensional free 

energy surfaces are projected onto a single CV (s1). Both surfaces produce the same free energy 

profile when projected onto s1. However, the right plots show a case in which the transition from 

basin A to B can be described sufficiently with a single CV and the true transition state corresponds 

to the maximum on the s1 free energy profile. The right panel shows a case in which it is not 

appropriate to reduce the dimensionality of the system to a single degree of freedom and the free 

energy maximum along s1 does not correspond to the transition state for the process.  

 

 

Figure 4.1: Projection of two different 2-dimenstional free energy surfaces (top) onto a 1-

dimensional free energy profile (bottom). The labeled peak highlights the location of the apparent 

transition state (TS) region along the s1 collective variable. Figure adapted from Ref. 146. 
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Given the example in Figure 4.1, it is clear how a simple CV describing a dynamic process 

can easily fail. Thus, it is necessary to determine the reaction coordinate of a system if the chemical 

reaction is to be properly described. However, determining a reaction coordinate can be often be 

prohibitively time intensive. Peters and Trout have developed a method for effectively estimating 

reaction coordinates in an automated fashion.147 The first part of the method is called aimless 

shooting and involves generating an ensemble of short trajectories originating near the transition 

region.147 The statistics of this ensemble and their outcomes can then be used to closely estimate 

the reaction coordinate of the process through the maximization of a likelihood function.147  

 

4.2 Methods 

4.2.1 Computational Details 

All MD simulations were performed with the CP2K simulation package70 in the NVT 

ensemble with a 1 fs time step. The Nosé thermostat66,67 was used to maintain an average system 

temperature of 300 K in a 1.5 x 1.5 x 1.5 nm box. The 1-dimensional free energy profile was 

constructed with ab initio MD (AIMD) and umbrella sampling along the interatomic distance 

between the CO2 carbon and oxide oxygen. The Perdew-Burke-Ernzerhof exchange-correlation 

functional27 was employed with double zeta basis sets and GTH pseudopotentials125–128 along with 

a 300 Ry cutoff for AIMD simulations. Hydrogen masses were set to tritium’s to allow the 1 fs 

time step. The 2-dimensional free energy surface was built using 2-dimensional umbrella sampling 

with the semi-empirical PM668 Hamiltonian to allow for chemical reactions at a relatively low 

cost. The construction of the free energy profiles were done using weighted histogram analysis 

method (WHAM).35,148 All condensed phase systems were constructed using Packmol149.  

 

4.2.2 The Committor Probability 

 The committor probability describes the likelihood of a system committing to a particular 

basin for a given configuration.150 This quantity is evaluated via a brute force approach in which 

numerous simulations are launched from a single configuration with random initial conditions. In 

the typical case of a two-basin system (basins A and B), as depicted in Figure 4.1, the probability 

of committing to basin B, pB, is given by 
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 𝑝B =
𝑛B

𝑛A + 𝑛B
, 4.1 

where nA and nB are the number of simulations that terminated in basin A or B, respectively. 

Therefore, if a system is at a transition state, then the committor probability for that given 

configuration will be 50%. Thus, the committor probability would be the ideal reaction coordinate 

to describe any transition; however, it is extremely computationally expensive to evaluate. 

 The committor probability can also be used to evaluate the fitness of a reaction coordinate. 

An ensemble of structures can be taken from the putative transition state region for a given reaction 

coordinate and their respective committor probabilities can be evaluated. The resulting committor 

probabilities can be binned into a histogram and the shape of the resulting histogram can indicate 

the ability of the reaction coordinate to describe the transition region. If the reaction coordinate 

accurately describes the transition, then there should exist a peak at the 50% marker and the 

histogram should decay in both directions from 50% (e.g., the ideal curve in Figure 4.4b). This 

indicates that the ensemble of structures was taken near the dividing surface between the two 

basins. However, if the reaction coordinate poorly describes the process, then the histogram will 

likely have a different shape (e.g., the estimated curve in Figure 4.4b).  

 

4.2.3 Aimless Shooting 

In this work, we employ the aimless shooting algorithm147 to explore the transition state 

region for the reaction of interest. This process generates an ensemble of structures along the 

dividing surface that separates two (or more) stable basins. The ensemble of structures that 

populate the dividing surface can be leveraged to estimate a suitable reaction coordinate by 

tracking order parameters of each structure, as well as the results of MD trajectories originating 

from those structures. 

The aimless shooting algorithm generates an ensemble of trajectories and structures that 

are used to estimate the reaction coordinate via likelihood maximization, which will be discussed 

shortly. Aimless shooting promotes the sampling of structures near the transition state by 

iteratively generating new structures, or shooting points, from previous trajectories that 

successfully commit to the two basins of interest. 

Initially, a shooting point is pulled from provided guesses at the transition point. Random 

velocities are then generated (from a Maxwell-Boltzmann distribution with a temperature of 300 
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K) for the starting structure and the simulation is launched. This simulation is referred to herein as 

the “forward” trajectory. A second simulation is launched using the negative of the randomly 

generated velocities and is referred to as the “reverse” trajectory. Depending on where these two 

trajectories terminate, the shooting point can either be accepted, rejected, or inconclusive. The 

three possible outcomes are depicted in Figure 4.2.  

A shooting point that commits to the two separate basins of interests are classified as 

accepted points (Figure 4.2a). When the forward and reverse trajectories of a both commit to the 

same basin, then the shooting point is rejected (Figure 4.2b). Lastly, if one or both trajectories 

never commit to either of the basins of interest, then the shooting point is classified as inconclusive 

(Figure 4.2c) because it cannot contribute to the statistics during likelihood maximization. A 

shooting point can be inconclusive when one or both trajectories find a metastable basin that is not 

near either of the basins of interest, if they find a third basin that is not desired, or if they simply 

take too long to fall into one of the basins of interest. It should also be noted that the concept of 

forward and reverse do not necessarily imply a directionality, but rather that the trajectories are 

launched in opposite directions.  

Typically, only accepted and rejected shooting points are considered during likelihood 

maximization; however, only accepted shooting points continue on to generate a new shooting 

point, shown in Figure 4.3. The new shooting point that is generated is randomly chosen from 

three candidate points, labeled SP-t, SP0, and SP+t. The shooting point labeled SP0 is the original 

accepted shooting point, but the other two points are taken from frames after t time steps into the 

forward (SP+t) and reverse (SP-t) trajectories. Once the new shooting point is chosen, it is 

randomly assigned one of the labels SP-t, SP0, and SP+t. If the new shooting point is also 

accepted, the next three candidate points are then based on relative position to the assigned label. 
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Figure 4.2: Example of the possible outcomes for a given shooting point with forward and reverse 

trajectories and two basins of interest. a) Accepted shooting point: trajectories commit to separate 

basins. b) Rejected shooting point: trajectories commit to the same basin. c) Inconclusive shooting 

point: one or both trajectories never commit to either basin. 

 

After the shooting point has been generated, it is queued to be tested. Once sufficient 

sampling of the transition region has been achieved, this process never needs to be repeated. The 

final outputs of aimless shooting are each of the shooting points’ structures and to which basins 

the forward and reverse trajectories committed. The structures are used to generate candidate OPs 



 54 

and the basin information is used to denote each shooting point as accepted, rejected, or 

inconclusive for likelihood maximization. 

 

 

Figure 4.3: Candidate shooting points are generated from accepted shooting points’ forward and 

reverse trajectories. One candidate shooting point is a copy of the original and the other two 

candidate shooting points are taken t time steps into the forward and reverse trajectories. 

 

4.2.4 Likelihood Maximization 

When constructing the reaction coordinate, it is beneficial to consider it as a linear 

combination of OPs: 

 𝑟(𝐪) = ∑ 𝛼𝑘𝑞𝑘 − 𝛼0

𝑚

𝑘=1

, 4.2 

where q is the vector of OPs that comprise the reaction coordinate, 𝛼𝑘 is the linear combination 

coefficient for each corresponding 𝑞𝑘, 𝛼0 is a constant offset parameter that allows the reaction 

coordinate to equal 0 at the transition state, and m is the total number of OPs being considered 

when constructing the reaction coordinate. In this form, the reaction coordinate must have a 
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maximum probability of being at a transition state when 𝑟(𝐪) = 0 and the probability must decay 

to zero away from the transition state. This can be imposed by approximating the probability of 

being at a transition state as 

 𝑝(𝑇𝑆|𝑟) = 𝑝0(1 − tanh2 𝑟). 4.3 

There are two limiting cases for which 𝑝0 can be determined a priori. In the case of the system 

obeying transition state theory, then 𝑝0 = 1, but for the case of diffusive barrier crossing dynamics, 

𝑝0 = 0.5. Otherwise, 𝑝0 can be considered a free parameter along with 𝛂.147 

The data being used to determine the most likely reaction coordinate are the accepted and 

rejected shooting points generated from the aimless shooting step. These data are used to construct 

the likelihood function,  

 𝐿(𝛂, 𝑝0) = ∏ 𝑝 (𝑇𝑆|𝑟(𝐪𝑎𝑐𝑐
(𝑘)

))

𝑁𝑎𝑐𝑐𝑒𝑝𝑡𝑠

𝑘

∏ 1 − 𝑝(𝑇𝑆|𝑟(𝐪𝑟𝑒𝑗
(𝑘)

))

𝑁𝑟𝑒𝑗𝑒𝑐𝑡𝑠

𝑘

. 4.4 

The 𝛂 and 𝑝0 parameters are then determined by simply maximizing the log of the likelihood, 𝑙 =

ln 𝐿(𝛂, 𝑝0). 

 𝛂, 𝑝0 = argmax 𝑙(𝛂′, 𝑝0
′ ). 4.5 

Determining the optimal reaction coordinate starts with using a single OP from which the log 

likelihood is maximized. The number of OPs that comprise the reaction coordinate is gradually 

increased until the addition of another OP no longer sufficiently increases the likelihood, i.e., the 

change in log likelihood is less than 1/2 ln𝑁𝑅 , where 𝑁𝑅  is the number of realizations of the 

likelihood function. The algorithm for determining the best estimate of the reaction coordinate is 

shown below in Algorithm 4.1. 

 

Algorithm 4.1   Likelihood maximization procedure after aimless shooting trajectories have 

been generated. Adapted from Ref. 147. 

1. Propose M candidate OPs and functional forms for 𝑟(𝐪) and 𝑝(𝑇𝑆|𝑟), such as Equations 6 

and 7. Set 𝑚 =  1. 

2. For each 𝐶(𝑚,𝑀) = 𝑀!/(𝑀 − 𝑚)!𝑚! combinations of m variables, determine 𝛂 and 𝑝0 

by maximizing the log likelihood as in Equation 9. 

3. Let lm be the maximum log likelihood across all the possible m combinations of OPs. If 

𝑙𝑚 − 𝑙𝑚−1 <
1

2
ln𝑁𝑅  or if 𝑚 = 𝑀, then stop. If 𝑙𝑚 − 𝑙𝑚−1 >

1

2
ln 𝑁𝑅 or if 𝑚 = 1, then let 

𝑚 = 𝑚 + 1. 
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4.3 Preliminary Results 

The key hypothesis of this study is that the important degrees of freedom during a reaction 

change when the reacting system’s environment changes from bulk solvation to an interface. This 

can be tested by estimating the reaction coordinates of a given reaction in both chemical 

environments. The model system we will use is the following decarboxylation reaction, in which 

ethyl carbonate decomposes into ethoxide and CO2. 

 𝐶𝐻3𝐶𝐻2𝑂𝐶𝑂2
− → 𝐶𝐻3𝐶𝐻2𝑂

− + 𝐶𝑂2 4.6 

However, to first assess the need for robust reaction coordinate estimation, we assume a simple 

reaction coordinate and test its feasibility in describing the reaction’s progress, which is shown in 

Figure 4.4.  

 

a) 

 

b) 

 

Figure 4.4: a) Free energy profile of the decarboxylation reaction along the distance coordinate 

between the CO2 carbon and oxide oxygen without a Li+ present. b) Committor probability 

distribution of the ideal (line) and estimated (bar) reaction coordinate at the transition state. 

 

In Figure 4.4a, the free energy profile of the decarboxylation reaction in liquid EC solvent 

was constructed using umbrella sampling with the restrained OP being the interatomic distance 

between the CO2 carbon and the oxide oxygen. The highlighted green region denotes the apparent 

TS along the free energy profile. Sample configurations in the marked TS region were then used 

to estimate the committor probability distribution, shown in Figure 4.4b, where the bar graph 

denotes the probability densities of estimated committor probabilities, and the line plot denotes the 

ideal case from the binomial distribution. The key result in Figure 4.4b is the complete 

disagreement between the estimated and ideal distributions, which suggests that the structures used 
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to build the estimated distribution were not located on the dividing surface between the two basins 

of interest (i.e., not at the TS). Therefore, we can conclude that the simple interatomic distance OP 

is insufficient in describing the reaction dynamics and a better coordinate is necessary. 

To better understand the impact of a Li+ counterion on the mechanism of the 

decarboxylation reaction, we recomputed the free energy profile associated with the reaction, 

shown in Figure 4.5, using 2-dimensional umbrella sampling. The 2D free energy surface (FES) 

suggests that the decarboxylation reaction is more likely to occur when the Li+ is directly 

coordinated with the newly generated oxide group. Additionally, the apparent TS region for the 

reaction is shifted to farther C–O distances as compared to the apparent TS location in Figure 

4.4a, which indicates that the inclusion of a Li+ impacts the reaction thermodynamics. 

 

 

Figure 4.5: 2-dimensional free energy surface of decarboxylation reaction in the presence of a Li+. 

 

4.4 Future Work 

The next steps in this project include the use of the transition-sampling Python package to 

facilitate aimless shooting simulations to generate ensembles of structures along the dividing 

surface for the decarboxylation reaction, as well as other key electrolyte degradation reactions, 
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such as the ring-opening reactions of EC–. For each of these reactions, a set of OPs consisting of 

both internal and solvent coordinate will be tested to estimate the most likely combination that 

comprises the optimal reaction coordinate. The resulting reaction coordinates of the likelihood 

maximization step will be evaluated via a committor analysis as done in Figure 4.4b. Once 

sufficiently accurate reaction coordinates are obtained, the process will be repeated with the 

reacting systems placed near an air-vapor interface to probe any interfacial effects on the reaction 

coordinates—and consequently the reaction mechanisms. The estimated reaction coordinates can 

also be used to assess the ability of metadynamics simulations on constructing 1-dimensional free 

energy profiles. Kinetic analysis can also be performed using infrequent metadynamics151 to 

predict reaction rate constants for each system using estimated reaction coordinates. 
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5 Summary and Perspective for Future Work 

5.1 Summary of Work 

While the SEI is a highly complex material, each project has aimed at elucidating various 

aspects of the SEI growth mechanism in lithium-ion batteries (LIBs). These efforts were made 

with the goal of engineering battery materials (e.g., electrodes and electrolytes) to have enhanced 

properties or interactions such that degradative SEI growth is limited or controlled. However, 

before engineering breakthroughs can occur, there must be a fundamental understanding of the 

key chemical processes that drive SEI growth. 

Chapter 2 discusses later-stage SEI growth and explores the role of common electrolyte 

additives [fluoroethylene carbonate (FEC) and vinylene carbonate (VC)] on oligomerization 

reactions. In this project, we used a two-part approach in which we explored the chemical reaction 

networks of multiple electrolyte molecules, including EC, FEC, and VC. After observing SN1 

oligomerization pathways across each system studied, we used hybrid functional DFT calculations 

to construct free energy reaction diagrams associated with SN1 and SN2 reaction mechanisms. 

Aside from the impact of FEC and VC additives on the mechanisms, Chapter 2 also examined the 

feasibility of a ring-opened EC radical (o-EC) to participate in the nucleophilic substitution 

reactions. While a closed-shell system yielded more favorable energetics, we demonstrated that 

the o-EC nucleophile can indeed participate in all studied reaction mechanisms. The key result of 

Chapter 2, however, is the elucidation of the impact that FEC and VC have on oligomerization 

reactions within the SEI. VC was shown to mitigate oligomerization by behaving as a termination 

step due to the unfavorable energetics of continued oligomer propagation. FEC, on the other hand, 

modulates oligomerization by introducing acetal carbons, or branching points, in the oligomeric 

network, which work to reduce the solubility of oligomeric species. Importantly, these acetal 

carbons have also been shown experimentally to exist in FEC-containing electrolytes as opposed 

to electrolytes with no additives.49 Furthermore, acetal carbons are attributed to the marked 

improvement in performance for batteries with electrolyte additives. In our work, we demonstrated 

that acetal carbons are only likely to form via SN2 mechanism for both studied nucleophiles: 

ethoxide and o-EC. 

Chapter 3 focuses on the earliest stage of SEI growth, which is electrolyte reduction at the 

electrode-electrolyte interface (EEI). The work discussed in Chapter 3 closely examines the 

reduction reaction of EC at the EEI, wherein solvation was discussed as a key descriptor of both 
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the thermodynamics and kinetics of interfacial electron transfer. A statistical mechanical 

framework was constructed for predicting reduction potentials, wherein solvation effects largely 

govern the predicted value for a given solvent. We employed the potential distribution theorem 

(PDT) to compute single-ion solvation free energies directly from molecular simulations, which 

led to discrepancies in our computed reduction potentials for EC when compared to other works. 

The major reason for these discrepancies is linked to the conversion from the absolute scale to the 

Li+/Li reference electrode scale, which involves the Li+ reduction potential. Our work predicts a 

much larger Li+ reduction potential (2.6 V) than the conventional value of 1.4 V when computed 

for EC solvent. This demonstrates that there are likely other processes that are unaccounted for 

when computing reduction potentials following the standard thermodynamic cycles in Figure 3.3. 

Our kinetic analysis focused on the reorganization energy associated with EC reduction. We 

computed both inner- and outer-sphere contributions to the reorganization energy for EC reduction 

at the EEI and observed outer-sphere reorganization energies nearly equal to the inner-sphere 

components, which demonstrates the large magnitude of solvent response. Notably, for the two 

electron acceptors in the kinetic portion of Chapter 3 [EC and s-EC (EC in the solvation shell of 

Li+)], the larger outer-sphere reorganization energy of s-EC vs. EC led to slower electron transfer 

kinetics despite the more favorable thermodynamics of s-EC reduction over EC. The work in 

Chapter 3 does not perfectly account for the many complexities of electrochemical interfaces, but 

it acts as a foundation upon which future works can build toward improved model systems. 

Lastly, Chapter 4 describes ongoing work on evaluating the impact of interfacial effects on 

key electrolyte degradation reactions. The primary focus thus far is on the decarboxylation reaction 

in which CO2 dissociates from a terminal carbonate group, leaving an oxide group behind. 

Attempts to describe the reaction in bulk EC solvation with a single interatomic distance as the 

putative reaction coordinate highlight the need for an improved descriptor of the reaction. The 

committor probability distribution for structures at the apparent transition state (TS) greatly 

deviates from the ideal distribution, indicating that the apparent TS along a 1-dimensional reaction 

coordinate is insufficient in describing the reactive event. 

 

5.2 Outlook on Future Work 

Electrochemical systems are notoriously difficult to study with molecular simulations due 

to the computationally expensive methods required to accurately describe the molecular 
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environment, and the inclusion of the SEI only adds to this complexity. The work in this 

dissertation aims to grant insight into some of the various aspects of SEI growth, but the studied 

systems were purely focused on Li+- and EC-based electrolytes. With emerging battery 

chemistries, small changes—even replacing Li+ with K+—can lead to vastly different chemical 

phenomena than previously observed with standard chemistries.152 Thus, many techniques that 

have been previously employed to study LIBs can be adapted to explore and improve promising 

new technologies, such as sodium-ion, potassium-ion, and lithium-sulfur batteries. 

In a direct extension of Chapter 2, the energetic barriers in the reaction diagrams can be 

applied to study reaction kinetics using kinetic Monte Carlo (KMC), which is a method that uses 

kinetic data to predict probable product distributions from a discrete set of molecules. In doing so, 

a concentration dependence could be established for the mitigating effects of FEC and VC in SEI 

oligomerization reactions (i.e., continual EC oligomerization). 

There also exists room for the active development and application of methods for studying 

electrochemical systems. The constant potential method (CPM) is an empirical approach that 

allows for the simulation of a polarizable interface138, thereby enabling new studies of electrode 

potential on interfacial phenomena, such as reorganization energies and binding affinities of 

electrolyte species. Recent developments to the projector-operator based diabatization (POD) 

scheme by Carter-Fenk, et al. have enabled heterogeneous electron transfer studies to provide 

greater specificity of probable electron acceptor sites, which goes beyond the typical pairwise 

electronic coupling strengths between donor and acceptor states.140 This method would facilitate 

better estimates of electron transfer rate constants with Marcus kinetics. 
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Appendix A: Commonly Used Notations 

 

 

 

Figure A-1: Atom labels for EC, FEC, VC, and PC molecules. 

 

Table A-1: Glossary of acronym definitions used in main text. 

 

Acronym Definition 

EC Ethylene carbonate 

FEC Fluoroethylene carbonate 

VC Vinylene carbonate 

PC Propylene carbonate 

DMC Dimethyl carbonate 

EMC Ethyl methyl carbonate 

c-EC- Cyclic, reduced ethylene carbonate 

o-EC- Ring-opened, reduced ethylene carbonate with broken OE-CE bond 

s-EC Ethylene carbonate in the solvation shell of a Li+ 

AIMD Ab initio molecular dynamics 

DFT Density functional theory 

MetaD Metadynamics 

PDT Potential distribution theorem 

CV Collective variable 

OP Order parameter 
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Appendix B: Supplementary Information for Chapter 2 

 

Figure B-1: Reaction network of 1 FEC molecule, 3 EC molecules, and 1 Li+ with an extra 

electron. The boxed molecules indicate the node in the reaction network that contains the open-

shell SN1 adduct with FEC, as well as two intact EC molecules and CO2. Constructed from ~50 

separate reactive MD trajectories using mdstates. Although Li+ was included in the simulations, 

it is not pictured in the reaction network. 

 

 

 

Figure B-2: Reaction network of 1 VC molecule, 3 EC molecules, and 1 Li+ with an extra electron. 

The boxed molecules indicate the node in the reaction network that contains the open-shell SN1 

adduct with VC, as well as two intact EC molecules and CO2. Constructed from ~50 separate 

reactive MD trajectories using mdstates. Although Li+ was included in the simulations, it is not 

pictured in the reaction network. 
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Figure B-3: SN1 mechanisms for combinations of EC and VC electrophiles and ethoxide and o-

EC nucleophiles. 

 

 

 

 
 

Figure B-4: Reaction diagram of VC-3 structure oligomerizing with an EC via SN1(green) and 

SN2 (gray) mechanisms. The SN1 and SN2 states along the reaction path correspond to the stable 

structures in Figure 1a and 1b in the main text, respectively. 
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Figure B-5: SN2 mechanisms for EC with both ethoxide and o-EC nucleophiles. 

 

 

 

Table B-1: Transition state (TS) structures with XYZ coordinates in Å. 

TS Description XYZ coordinates 

Decarboxylation step 

during ethenolate 

formation in Figure 2.3  

 C -2.36093  -2.41900  -3.36309 
 O -3.62781  -3.29322  -4.80691 
 O -2.00266  -1.44127  -3.90460 
 C -3.77018  -2.66120  -5.94483 
 C -4.51189  -3.04148  -7.01135 
 O -2.47108  -3.23595  -2.52607 
 H -4.54152  -2.41746  -7.89772 
 H -3.21283  -1.71598  -6.01868 

 H -5.08889  -3.96265  -7.01159 
 Li -4.31786  -4.91547  -4.16552 
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EC-5 in Figure 2.4 

 C  0.85021  -0.10891  -0.71284 
 O  1.23043  -1.17791   0.09969 
 O  1.80300   0.88689  -0.56160 
 C  2.13067  -0.70221   1.10582 
 C  2.32425   0.77991   0.76329 
 O  0.47491  -0.37396  -1.88540 
 H  3.05827  -1.27506   1.02863 
 H  1.69844  -0.84515   2.09857 
 H  3.37127   1.08391   0.74343 
 H  1.76548   1.43223   1.43958 
 C -1.61675  -0.96110   0.57829 
 O -0.42145   0.46408   0.17708 

 O -1.65218  -1.01618   1.75135 
 C -1.08747   1.55620  -0.45795 
 C -2.12697   2.12636   0.42360 
 O -1.98224  -1.37444  -0.48735 
 H -1.52036   1.24335  -1.41827 
 H -0.31762   2.30953  -0.69525 
 H -1.96398   2.18962   1.49421 
 H -2.96970   2.65254  -0.01158 
 Li -1.03653  -1.33089  -2.16835 

FEC-5 in Figure 2.4 

 C  0.85644  -0.05395  -0.65468 
 O  1.28926  -1.10050   0.13843 
 O  1.72812   1.04181  -0.40737 
 C  2.00006  -0.53707   1.23980 
 C  2.56939   0.73457   0.64313 
 O  0.54648  -0.28179  -1.84100 
 H  2.77198  -1.23331   1.56431 
 H  1.32207  -0.30700   2.06554 
 H  2.68117   1.57582   1.32567 
 C -1.59387  -0.99149   0.45605 
 O -0.48796   0.42485   0.21561 
 O -1.68907  -1.16036   1.62064 
 C -1.17436   1.53194  -0.39050 
 C -2.27638   2.00145   0.47283 
 O -1.92632  -1.36908  -0.64158 
 H -1.54354   1.25546  -1.38596 

 H -0.42132   2.32174  -0.53546 
 H -2.14690   2.04871   1.54872 
 H -3.14753   2.46682   0.02554 
 Li -0.94586  -1.24403  -2.28209 
 F  3.85318   0.48973   0.11702 

VC-5 in Figure 2.4 

 C  0.85225  -0.07900  -0.65368 
 O  1.24470  -1.13477   0.19802 

 O  1.77436   0.95871  -0.43834 
 C  2.14630  -0.59621   1.09052 
 C  2.45951   0.63849   0.71459 
 O  0.52451  -0.34550  -1.82860 
 C -1.62242  -0.94264   0.54252 
 O -0.46953   0.45882   0.21113 
 O -1.71351  -1.03195   1.71375 
 C -1.13742   1.54939  -0.43833 
 C -2.19383   2.10740   0.42951 

 O -1.95377  -1.36669  -0.53567 
 H -1.55138   1.23047  -1.40388 
 H -0.36684   2.30576  -0.65685 
 H -2.02902   2.20574   1.49710 
 H -3.06163   2.58081  -0.01610 
 Li -0.99608  -1.29235  -2.19787 
 H  3.13329   1.37384   1.12390 
 H  2.47889  -1.21244   1.91035 
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EC-9 in  Figure 2.5 

 O -0.62501  -0.76477  -2.12132 
 C  0.20318  -0.05759  -2.96403 
 C  0.49212  -0.79654  -4.27217 
 H  1.18901   0.16936  -2.49017 
 H -0.21469   0.94074  -3.23187 
 H  1.14989  -0.21145  -4.92677 
 C -0.01033   0.51457   2.05209 
 O -0.88041   1.02422   1.25884 
 O  0.70427  -0.49188   1.52998 
 C -0.73758   0.21840  -0.27458 
 C  0.28881  -0.79670   0.16937 
 O  0.21093   0.86788   3.21208 

 H -0.42317   1.08992  -0.82868 
 H -1.77306  -0.06640  -0.35560 
 H  1.18288  -0.76047  -0.44845 
 H -0.12175  -1.80409   0.17428 
 Li -0.48703   2.32622   4.27160 
 H  0.97673  -1.75849  -4.07223 
 H -0.43897  -0.99479  -4.81446 

FEC-9 in  Figure 2.5 

 O -1.00321   1.21907  -0.10000 
 C -0.05740   1.84837  -0.90129 
 C -0.06886   1.32644  -2.33435 
 H  0.96673   1.71564  -0.49533 
 H -0.22462   2.94327  -0.92919 
 H  0.68453   1.83705  -2.94410 
 C -0.12391   2.26754   4.09570 
 O -1.08900   2.74616   3.40598 
 O  0.57267   1.27475   3.41071 
 C -0.99422   2.00583   1.76925 
 C -0.07129   0.90825   2.23388 
 O  0.24831   2.56898   5.21047 
 H -0.57587   2.89148   1.31745 
 H -2.05515   1.83622   1.71395 
 H  0.68043   0.63173   1.50074 
 F -0.82686  -0.23589   2.50301 
 Li -2.05668  -0.27635  -0.37622 
 H  0.14597   0.25280  -2.35739 

 H -1.04831   1.48826  -2.79636 

EC-13 in  Figure 2.5 

 C -0.90500   0.12480  -0.98772 
 O -1.23626   1.37502  -0.26684 
 O  0.27955  -0.04662  -1.20371 
 C -0.15117   2.18822   0.26325 
 C  0.28025   1.75726   1.60890 
 O -1.93795  -0.50460  -1.24497 

 H -0.52026   3.21538   0.25687 
 H  0.65591   2.11305  -0.47296 
 H  0.45809   0.70833   1.81474 
 C -5.52389   1.75651   0.62353 
 O -4.96841   1.89083  -0.64404 
 O -4.67331   1.80149   1.56069 
 C -3.60112   2.27773  -0.59591 
 C -2.88148   1.56943   0.52626 
 O -6.74038   1.59896   0.67655 

 H -3.52633   3.36191  -0.46660 
 H -3.16988   1.99849  -1.55526 
 H -2.45704   2.11651   1.35308 
 H -3.02745   0.50736   0.64534 
 Li -2.21959  -2.08214  -2.31598 
 H  0.54018   2.49325   2.35950 
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FEC-13 in  Figure 2.5 

 C -0.64842   0.07917  -0.97464 
 O -1.25358   1.30184  -0.35760 
 O  0.56007   0.11534  -1.08127 
 C -0.35941   2.27362   0.25392 
 C  0.00489   1.92265   1.64216 
 O -1.53241  -0.72901  -1.26876 
 H -0.87386   3.23547   0.19715 
 H  0.51468   2.32264  -0.40373 
 H  0.31433   0.91331   1.88667 
 C -5.37106   2.12315   0.92991 
 O -4.63287   2.91859   0.00959 
 O -4.80400   1.02974   1.19256 

 C -3.59171   2.24246  -0.57954 
 C -2.95709   1.21868   0.33778 
 O -6.41251   2.60922   1.33346 
 H -2.87669   2.98244  -0.93541 
 F -4.06438   1.57347  -1.71419 
 H -2.63041   1.52304   1.32084 
 H -3.03099   0.17088   0.10086 
 Li -1.77632  -2.30353  -2.34766 
 H  0.09621   2.69796   2.39262 
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